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CONFIDENTIAL ABSTRACT

‘ The objective of this contract w.s to conduct theoretical and experi-
H mental investigations resulting in the demonstration of beryllium hydride
(IMH-2) solid propellants Jelivering in excess of 280 lbf-sec/lbom at stand-
ard conditions. The program consisted of three tasks: Task I, analycis
and Data Correlation; Task II, Foraulation and Ballistic Evaluation; and
Task III, Advanced Ccncapts.

IMH-2 fueled, double-base propellants having theoretical specific im-
pulse values up to 314 1bf-sec/lbm were developed, IMH-2 loadings as high

J as 19 percent werz achie-.2d at 60 percent total volume solide Inadings.

" Thesé propellants gave delivered specific impulse values in 15-pound-charge
{15PC) motors in the range of 280 to 282 1bf-sec/lbm; the first demonstra-
tion of the original ARPA Project PRINCIPIA goal. The developed propellants
were characterized for sensitivity, thermal stability, processibility,
mechanical properties, and explosive classification., Satisfactory process-
ing characteristics were obtained by using surface treatments and grinding
to improve bulk dernsity of IMH-2,

Seventy beryllium (Be) and thirty-five IMH-2 15PC motors were fired

to develop efficiency correlations based on motor and propellant parameters.
The efficiency of Be propellants was found strongly dependent on flame
temperature and, to a lesser extent, oxidation ratio. For LMH-2 propellants,
flame temperature, oxidation ratio, and motor residence time were control-

- 1ing factors. Efficiency losses for IMH-2 propellants were related to

. surface agglomeration of unburned Be. A limited amount of testing indicated

a fluorine-rich environment is beneficial for IMH-2 combustion.
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SECTION I

A. OMECTIVE

Solid propelllants containing deryllium hydride (LME-2) have a
theoretical specific impulse (Isp) up to 30 sec greater than thst of Be-
fueled propelisats. 1In the past, firings of test motors containing LMH-2
propellants had not yielded the expected gain in delivered specific impulse.
Motor and propellant persmeters of chamber temperature, chamber pressure,
aass-flov rate, expansion ratio, oxidation ratic, oxidizer particle eise,
hydride content, metal/hydride ratio, and total metsl content were iavesti-
geted urder vorious govermment contrscte. Although much was learned about
1LME-2 propellants during chis period, the high Isp promised by the hydride
was still not reslized.

The objective of this program was to conduct theoretical and uxperi-
mental investigations resulting in the demonstration of LME-2 solid propel-
lant delivering an Isp ia excess of 280 lb-sec/1b at standard conditions,
snd thus significantly sdvance the performance levels obtajined from LMR-2
propellants.

The program i3 a2 three task affort. 1la Task I, the results of previous
Be and LME-2 firings were correlated to define the parsmeters important
for higher delivered impulses. The results of this effort were applied iu
Task II to formulate and test candidate high-performance propellsnt systems.
In Task III advanced formulation techaiques were studied to improve LMH-2
combustion.
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SECTION 1I
TASK I - ANALYSIS AND DATA CORRELATION

A. SCOFPE

The objective of this task was to evaluate and correlate svailsble
Be and LME-2 motor firing data. Particular emphasis wes placed on the
correlation of motor efficiency with motor and formulation variables. Theo-
retical Isp calculations were conducted on a wide variaty of fore:lations
to establish the relationship between propellant parameters and theoretics!
performance of Be and LMH-2 propellants. Based on the correlations and
theorstical performance calculstions, formulations were designed which were
predicted to deliver Isp values capable of meeting the program objectives.
8ix candidate LME-2 formulations were selected for motor evaluatioa. 1In
addition to the advanced formulation effort, Ba formulations were investi-
gated to confirm the validity of the developed correlations and, where
necessary, to extend their useful range. In particular, the performance
of Be systeme contaiuing high metal levels equivalent to those of LMH-2
propellants having high theorstical performance potential were investigated.
These results were combined with earlier correlations and those obtained
on concurrent related programs to allow accurate predictions to be made
for Ba and LMHA-2 propellants and to gain sowme insight into the possibdle
causes of performance losses.

B. INITIAL DATA CORRELATIONS

The following discussion describes the dats anslysis and correlations
deaveloped from a review of the available Be and LMH-2 motor data at the
start of this program.

The basic assusption was made that LMH-Z decomposes to the parent metal
at temperatures of approxiwmately 3000 C.1 With this assumption, the factors
affecting impulse efficiency ct Be propellants become important for LMH-2
propellants for determining expected LiMi-2 performance levels. As a conse-
quence, s large smount of effort was expended establishing correlations
for Be propellants. However, it has been suggested by various workers? that
as LME-2 decomposes, s cloud of hydrogea surrounds the metal particle, sup-
pressing final conversion to the oxide. Thus, some basic differences in
the correlatiocas between Be and LMA-2 can be expected. To gaia possidle
insight fato the performance of metallised propellsats (n general, a limited
compariscs was made between Be and Al efficiencies.

The following paramstiers were coasidered of priwe importsnce {a de-
finiag the performance efficiency of Be and LM-2 propellents:

(1) Motor parmmeters

(s) Chamber pressure

1,2p4fer to List of Referencas

CONFIBENTIAL




CONFIDENTIAL

(b) Characteristic leagth (L*)
(c) Mass flov rate
(d) Expansion ratio
(e) Nozsle geometry
(2) Propellant paramsters
(a) Chamber temperature
(b) LMH-2 content and particle size

{(c) Total Be metal coateat

Moleg O
{d) Oxidstion ratio Holes C + moles metal
(e) Oxidizer particle size
(f) Binder type

(g) Oxygen source

A literature survey was conducted to accumuiate data from recent major
propellant contracts on all of the above listed parameters. Since perform-
ance data wvas obtafuned by the various coutractors over a wide range of
test conditions and motor configurations, initisl emphasis was placed on
developing scaling curves for =ach propellant. This allowed comparison on
& common motor basis for evaluation of propellant parameters and determi-
nation of the effect of propellant psrameters on motor scaiing. In addi-
tion, theoretical performance celculations were performed on the Bacchus
Pree Energy Program for all propellants used in the final correlaticrs.
This eliminsted differences in thaaretical calculations :ﬂoag contractors
and silowed for updating of JARAF thermochewical dltS;

All Isp effigiencies, unless otherwise steoted, were calculsted by
dividing the daiivere: impulse by the theorciical squilibriue ficw iepulse,
calculated at the actual chasber prossuzre and expansion half angle. All
reportad I.pi values were calculated by multiplying the theoretical {m-

lee at standsrd conditici: by the effic{ency determinad at *he actusl
firing coaditions. '

1.  Motor Paremeters

‘ ™e pajority ot data ca the sotor efficieccy of Be propellsnts
 Kes been chtained under Air Forue contracts, The Air Force programs per-
formed by Atlaotic Resesrch Corpovsticn, Aerojsi-General Corporation,
Thiokol Chemicsl Corpotetion, snc fercules Iscirporated were reviewed.
Pricrity for selecticn of propeilance for correlitions wes given to those
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propellants which had been tested at a wide variety of motor conditions and,
preferably, in motors of propellant weight grcater than 30 1b. Only those
propellants for which the final performance could be reasonably predicted

at large motor conditions were used in the final correlations. Table I
contains a summary of the propellants selected for the final cerrelations.

Figure 1 shows the effect of mass-flow rate for 5-, 15-, 40-, and
400-1b motors containing Be-fueled VCP propellant and {s typtcal of the
motor scaling curve found for efficient Al snd Be propellants. PFigure 1
alsv shows effeciency as a function of chamb >r preseure for 15-, 40-, and
400-1b motors and indicates no loss in efficiency down to 400 psia.
Atlantic Research has also shown scaling curves for various Be propellants
a8 presented in Figure 2, A strong dependence of mass-flow rate on effif-
ciency for each motor size is also indicated in this figure. This phenom-
enon may be explained by considering scaling equations such as those devel-
oped by Rohm and Haas, where for constant heat flux, thermal efficiency,
and mass-flow rate, heat losses are prorortional to the internal area
exposed. Decreased particle lag with the larger nozzles used at high-mass
flow is probably also importaat.

For the Hercules 40-1b charge (FIC) motor, the Rohm and Haas
scaling equation predicts sn insignificant loss in efficiency for mass-flow
rates in the 5- to 10-1b/sec region. Data obteined from four Hercules
propellants are plotted in Figure 3. These data show a significant loss
in efficiency when the mass-flow rate is decreased from 10 1b/sec to 5 1b/
sec for two of the propellants, whereas no loss in efficiency is shown for
the other two. The primary difference between the two pair of propellants
is 2 significantly higher oxidation ratio for the group showing no efficifency
loss with decrecasing chamber pressure for the lower-oxidation-ratio
propellants. The decrease in efficiency for the lower-oxidation-ratio
curve is characteristic of thst reported by other contractors for losses in
efficiency with decreasing pressure. One possible explanation for this
efficiency loss is fnsufficient residence time for combustion with propel-
lants containiug little excess oxygen. This possibility {s {llustrated in
Figure 4, where efficiency {s plotted as a function of residence time in
terms of .he characteristic chamber length (L*), This figure shows that
L* correlates as we!l with efficiency as chamber pressure. Unfoitunately,
the two effects cannot be separated.

Figures 5 through 7 illustrate pressure and scaling effects on
efficieacy for several Atlantic Research propellants. Of p: ticular
interest are Figures 5 snd 6, which show the effect of pressure cn eificiency
for Arcocel propellants 319 and 191 where mass-flow rcte was kept essentsally
constant (keyed poiuts)., Little presaure effect on efficiency was observed;
however, the constant mass-flow rate was maintzined at low pressure by a3
considsrable increase {n L*. The increased L+% values may explain the lack
of efficiency loss with decreasing pressure. Figure 7 shows pressuyre and
mass-fiow effects or efficiency for Arcocel 333E, A sharp decrease in
efficiency for both decreasing mess-flow rare and pressure ware ohserved in
50-1b motors.
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Figure 4. Effect of L* on Specific Impulse Efficiency for

Five Hercules Be Propellants

Figures 8 end 9 show a comparison of Be propellarts on the basis

of meass-flow rate and L*. The following trends appear:

(a) Beryllium propellants wich high flame temperazures
(>3700° K) and high oxidation ratios show the highest
impulea efficiencies.

{b) Beryllium propellants showing no L* effect above 200
for a given motor also show nc pressure effact on
impulse efficiency.

(c) Beryllium propellants with low fl.se temperatures and

low oxidation ratios require large L* values sod high
mass-flow rates to approach good impulse efficiencies.
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These trends are not absolute and additional testing is required
for confirmation. ‘

A comparison of the Be omss-flow rate curves at high and low
temperatures to those of several LME-2 propellants is shown in Figure 10.
The majority of the LME-2 mass-fiow-rate curves follow those of a low-
temperature Be propellant. It {s slso significant that Arcocel 340A
(oxidation ratio of i.0) {s less efficient than the higher oxidation ratio
propellants, Pigure 10 also shows the 2ffect of chamber pressure on effi-
ciency for Arcocels 332 and 332A. Ro loss in efficiency occurred down to
450 psia, The results of Atlantic Research firings of a variety of propel-
lants show a trend toward increased eificienry with increased L*, although
other factors tend to obecure the correlation. Increased efficiency with
increased flame t»mperature and hicher oxidation ratio is also apparent
ia Pigure 11.

The noxzle expansion ratio can influence efficiency by:

(a) Particle lags (velocity and thermal)
(b) Pailure of gas phase reactions to reach completion

(c¢) Increassd boundary layer friction losses occasioned
by increased nozezle surface area

(d) Metal oxide fusion lag
{e) Zrrors in thermochee’ _al data

{f) Heat exchange between gzas and nczzlie wall

Daza zhowing the effect of increased expansion ratioc on efficiency
of Al propellants have been collecied and are plotted cn & common basiz in
Figure 12, All data appear to exhibit a consistent downward trend with in-
creasing expansion ratio, although a leveling off at high expansion ratiocs
ir indicated fcr some provellants.

The effects of enthalpy loss from the gas stresm to the nozzle
wall and correspoading entrogy decrease of the gas have been discussed in
an Atiantic Rasesrch report. Results of this calcalation for Arcene 24,
bezed on a 10-1b motor, predict a l-percent Isp loss &t an expansion vatic
of 10, amd 2-pwuicent locs at an expansion ratio of 190. The data indicate
a loss of ovar 3 perceat betwesn expansion ratios of 1 and 100; thus heat
loss cxplains caly part of the total loss.

Data for the effect of expansion ratio om efficiency of Be and
1§i-2 propeallants 28 detormined by Mercules and Ar sntic Research zre
susomrizad {n Figure 13. The lins through the Al dats of Yigure 12 is
replotted for comparisvan. A distinct drop in effiviency with {acreasing
<ipmasion ratio fs noled for all propellanis. The efficlency loss is largest
&t tim lower Pressure. When dats are recalculsted azsuming frosen flow, the
lop-tempernture propeilants, Arcane 24 and Arcane 53, show essentially

l&fer to List cf Refareaces
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constant efficiency, indicating possible froszen-flow behavior for these
formulations. Arcocel 191 shows an sppareat increase in efficiency with
sxpansion ratio, followed by constant efficisncy at higher expansion ratios,
indicating equilibrium flow for exit temperatures sbove epproximstely .
2000° X snd frozen flow thereafter. These correlations do not prove frozen
flow, since other affecte (items (a) and (b) above) could give similar
resulis,

All three IMH-2 propellante for which data are availsble exhibit
the aame type efficiency bechavior with expansion ratio as do the Be
formulations. All three are intermediate in flame temperature, and all
three contain considerable Be ir addition to the LMH-2. The data are
iasufficient for definite conclusions at this time. Arcane 24 ghows 1.5-
perceat efficlency loss betwsen expansion ratios of 10 and 100, not greatcly
different from the loass predicted from cunsidering heat transfer to the
nogzle wall. All the other Be and LMH-2 propellant- show &t lesst 2-percent
loss, indicating that annther loss is also operative. ‘

One important facet of obtaining good impulse efficiencies with
metalized propellants is the minimizstion of velocity lag. This becomes
increasinrgly important at high-metal levels, since the efficiency losses
due to velocity lag can be expected to be proov~rtioned to the percentage
of condensables present. Thus, particularly .. high-metal loadings, nozzle
geometry must be optimum in order to achieve good efficiencies. Of particu-
lar importance is a good approsch contour. Figures 14 and 15 show the effect
of noggle contouring on impulse efficiency as given by B, Brown.% Minimizing
the apprcach angle and use of o large approach contour radius are shown to
be necesssry for good efficiency. In small motors, however, these factors
must be balanced against increased heat losses for the longer nozrle. As a
consequence, the present Hercules 15-1b-charge (15PC) motor has an approach
angle of 30 degrees with a coantour radius equal to the throat diamater;
whereas the FPC motor has a 15 degree approach with the same contour radius
ratio.

Design of these contours was based on experience with aluminized
propellants and may not be optimum for LMH-2 propellants or the high Be
analog formulations., There is some evidence to indicate that the 15 degree
approach for FPC motors may not be optimum for even the low-metal VCP
formulation. For example, FPC-motor, sea-level firings of VC™ at Bacchus
with the 15 degree approach consistently give efficiencies of 92.4 percent.
But, several FPC altitude firings of VCP at Arnold Center with a 5 degree
approach have given efficiencies of 93 percent, These data are also plotted
in ¥igure 15. This reversal of the expected decrease in efficiency with
increasing expansion ratio way have been dus to the shallow approach angle.
Mozzle approach contouring 8s a means of improving impulse efficiency at
bhigh metal loadings was therefore included in the program.

4xefar to List of Rsferences
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ﬂgute 14, Effect of Noszle Throat Contour on Efficiency

2. .rrog'ellant. Parmterl
The available data has demonstrated that motor efficiency is
decreased at low combustion temperatures. This effect has aiready been
noted in the discussion of L* and mass-flow rate. The following discussion

shows that a chamber temperature of about 3700° K is required for efficient
combustion of Be or LMi~2 propellants.

Figure 16 shows efficiency as a function of flame temperature
for Be propellants. As shown, two distinct lines can appareatly be drawn:
one for hydrocarbon propellants (AP sole oxygen scurce) and one for unitrasol
propellants. The hydrocarbon line shows a higher efficiency at a given
flamc temperature. Howaver, this lime {s based on dat: from Asrojet, obtained
in progressive 100-1b motor firings. A round-robin series of firiags
conducted between Hercules and Aorojot5 has shown s l-percent bias between
the Asrojet motor and the Hercules FIC motor. As a comsequemc:, 1 perceat
was subtracted from the Aerojet data. The seme dats is corrected for this
blas im Pigure 17 and shows little effect of oxygea scurce (AP versus
nitrascl binders) o impulse efficiency. Attempts to remove the scattor
from this deta by combiaing flame temperaturs with total metal were unguc-
cessful., Nowever, whan Pigure 17 is replotted witn parameters of constant
oxtdation ratio (Figure 18), a trend toward higher efficiencies with higher

Ygafer to List of Deferences
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oxidation ratics st constant tempersturas appears. Unfortunataly, data at
high oxidation ratios for low- flnu-t—pcnture propellants is limited, and
the correlation requires further investigstion.

The luhtitution of IMX for AP affords the possibility of exteod-
ing the range of the ratio AP/Be to zero. The effect on efficiency of
verying this parameter is shown in Pigure 19. A decrease in efficiency is
evident. This decrease may be: (a) Due to decresased chamber temperstures
at the higher AP/Be racios; (b) an indication that the heat of formation
of one or more of the Be-Cl species may be in error; and (c) an indication
of an effect of oxygen socurce on combustion efficiency.

Extension cf the Be temperature correlation to LMH-2 propellants
is shown in Pigure 20, A much larger scatter is noted with the Be line
correlating only approximately 75 percent of the data within +1 compared
to $5 percent of the Be data. Based on the succeas of the Be-vs-temperature
plot at coastant oxidation ratio, the LMH-2 data was next correslated on
this basis, as shown in Figure 21, However, ro real trend as shown with
Be propellants was observed. in order to compare the results of the success
of this correlaticon with other correlations, an envelope of data points was
constructed, as shown in Figure 21. This envelope accounted for approx-
imately 85 percent of all the data points.

Attempts at correlating the data based on total metal and oxi-
dation ratic met with less success, Figure 22 shows efficiency as a
function of LME-2 loading. Again the date is widely scattered, but shows
a definite loss in efficiency at high LMA-2 losdings and is best shown by
an envelope of data points. The effect of the ratio of the excess oxygen
to weight percent 1MH-2 on efficfency is shown in Figure 23. A trend
toward highe:r efficiencies with excess oxygen is shown, but again only en
eavelope can be drawn. Based on these correlations it is observed that
flane temperature influences LMA-2 efficiency wore than any other paraameter.
Consequently, the extremes of the temperature envelope shown in Figure 21
were used to design formulations capadle of meeting the progran cbjiective.

Three other factors have also been investigated, vhich show an
effect oo LMH-2 sfficiency, tvo of which are related to the oxygen source,.
Atlaniic Research has reported that both the ratio of AP/LMH-2 and the AP
particle sige sffect LME-2 efficiency. PFigure 24 shows the effect of AP
particle sise on impulse e#fficiency for bdoth Al and Be propellants. The
LMNE-2 data shov & decresse ia sfficiency with iocressed AP particles size
consistent with the Al propellant dats. The third factor is LMH-2 particle
size. Figure 10 compared pressure effects on efficiency for Arcocel 332A
containing unground 1XH-2 with Arcocsl 332 contsining ground L2G-2. The
efficieoncy is 0.7 percent dette: with the ground LMH-2. All three of these
fectors poiat toward move intimste contsct between LME-2 and the primary
oxidizer as & mesans of isproving cosbustion efficiency of LMH-2.
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’ Based on this preliminary snalysis, the following factors influ-
ancing the motor efficiency of LMH-2 end beryllium propellants appesred to
be important:

(a) High-flame-temperasture and high-oxidation-ratio pro-
pellants show no loss in efficiency with decreasing
pressure down to 500 psia.

{b) Low-flame-temperature and low-oxidation-ratio propel-
lants show losses in efficiency with decreasing pressure,
This effect could not be completely separated from mass
flow or residence time effects on efficiency.

(c) Both Be and LMH-2 propellants show a strong dependence
' on high flame temperatures for good efficiency.

(d) Oxidation ratio has a strong effect on the efficiency
of low temperature Be propellants. There iz an
indication that oxidation ratioc is important for LMH-2
efficiency, but only a general trend could be obtained.

(e) Correlations based on total LMH-2 content show & loss
in efficier y at high-hydride loadings (greater than
15 percent).

g:} » (f) More intimate contact of oxidizer and fuel in LMH-2
systems should improve efficiency based on efficiency
effects of AP particle size, AP/LMH-2 ratios, and
ground LMH-2,

C. TREORETICAL SPECIFIC IMPULSE CALCULATIONS

Theoretical Isp calculations were made for a wide variety of systems
containing Be and LMH-2 to support the formulation design effort. Details
of these calculations are given in Appendix A. In summary, based on
preliminary correlations it was found necessary to use as high an energy
binder as practical with conventional oxidizers to ensure with reasonable
confidence that specific impulse goals would be attained.

D. FORMULATION AND TEST DESIGN

The correlations showed several areas in which further investigation
was needed before reliable predictions could be made for the performance
of both Be and LMH-2 propellants. In general, the Be correlations were
significantly better than for LMP-2 systems. Additional Be testing was
warranted in the following areas for further clarification of propellant
parametere on impulse efficiency:

(1) High metal levels (15.0 percent) at high flame temperaturcs
and oxidation ratios
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(2) High metal levels and high flame tenperatutda at low
oxidation ratics

(3) Evaluation of oxidizers different from AP and HMX,
such ss AN end IAG!O3

(4) Additionsl testing at high oxidation ratios and
high flame temperatures for determining the effect
of AP particle size

.  Purther testing was also needed in the followi..g areas-for clarification
‘of motor parameters: .

(1) Optimization of nozzsle geometry at high metal leveis

(2) Increased L* gtudies for both efficient and inefficient
Be propellants and LME-2 propellants

Por LMH-2 systems, the following testing was needed to clarify propel-
lant parameters:

(1) High LMH-2 loadings at flame temperatures in excess of
3600° K and at high oxidation ratios

{2) Comparative evaluation of AP, AN, and HBMX oxidizers
(3) More intimste contsct between oxidizer and LMH-2

(4) Addition of fluorinme to LMH-2 to aild comoustion and to
reduce two-phase flow losses.

The Task II and Task III effort was designed to clarify these areas
for Be and LMH-2 propellants.

Table II contains a list of the Be formulations chosen for testing to
better define the effect of propellant parameters on performance. VIH
propellant was designed to have the same metal level snd oxidation ratio
as the proposed 19-percent LMH-2/AP formulaticn. VII was formulated to
show the effect of efficiency of the AP:Be ratio at a constant metal level,
flame temperatuve, and oxidetion ratic. VIJ was also formulated with 45
and 180uAP to demonstrate the effect of AP particle size on impulse effi-
ciency thus providing the performance trade off between AP particle size
and LMH-¢ logding necessary to optimize delivered impulse. The VIK, VIL,
VIM, and VIN pronellants represent the Be analog: of the 17-percent LMH-Z,
AP; 15-percent LMR-2, AP RMX; 19-percent LMH-2, AN; and 17-percent LMH-2,
AY fcrmulations, respect sely, in both metal levei and oxidation ratio.

VIO was designed to detemine the effect of oxidatina ratio on wfficiency at
low metel levels, and VIG was foraulated to evaluate TAGIDS as an oxidizer.
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Based on the theoretical calculations and using the temperature corre-
lation derived in Pigure 21, six candidate LMH-2 formulations were chosen
which were designed to confirm the expected efficiency emvelope and to
attain the program ubjective o{ a demonstrated Ispp280 sec. Tabie IIl
contains the LMH-2 propellants together with the theoretical and pndicted
performance values.

Additional testing to determivce the effect of motor parameters on the
performance of Be and LMii-2 propellants was also accomplished in Task II
as follows: .

Motor Parameter Foxrmulation Humber of Firings
Nozzle Approach Angle
. 15-degree Approach veCP 2
15-degree Approach .o B
S-degree Approach VCP 2
S~-dagree Approach Vi 3
Eigh L* VCE 2
High L* Vil 2
Righ L¥ V1Y 9

E. PROGRAX DATA ANALYSIS

1. Beryliium Pirings

Data was availsble from the 70 Be firings on this program as
outlined wnder Formulation and Test Deaign. Additional dats was also
available on three high-performence Be propellzats (VIB, VID, and VIF)
developed by Hercules under Contract AF 04(094)-127. Pertirent dsta ou
theae foroulaticns is given in Table IV.

A complete summary of the individual firviage smade on this
prograr is given im Appendix B and aduitional detzile in Section III.
Tabie V conteinz a summary of these date. & leest scuares saslysis was
performed on the Le efficicsacy {iringe for chamber prezsure e¢ffects. (The
‘data from this snslysis are ausmsrimed in Table V.) This anslvseie allowed
accurate comparison of all propeilsnte tested st 1000 pals chamber pressure.
In sddition; efficisacies for the selected propallants specificslly tested
for pressure effects cre ~uamarized at 500 pafa. Conclusions bassd on
these dats are contained in the following subparsgrsphs,
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TABLE IV
ADVANCED Be PROPELLANTS

Propailant Type ViB

v¥ib VIF
Formilation (wt X)
DB Binder 44.0 44.0 45.0
AP | -- -~ T 6.0
HeX 47.0 4.0 37.0
Be 9.0 12,0 12,0
Theoretical Ferforwmance
Isp (1063/14.7) 286.4 289.1 286.4
Te (9K) 3780 3885 3897
(Oxidation Ratio 1.17 1.02 1,05
pelivered Perfomnce(n
0 Chsmber Pressure (psia) 488 846 518 911 381 754
Mass Flow (1b/sec) 5.5 7.8 3.7 7.8 6.3 8.8
v Lx - Vl’/At 247 314 243 318 171 228
b I.p;goc (lbf-lecllbl) .266.8 267.7 1268.9 |267.9 (267.0 | 267.6

Efficiency 92.5 1.9 3.0 | 32.7 | 93.2 93.5

E
Ko. of Pirings 3 3 3 3 2
(I’Dcter-ined in FPC motor firings

™o

Note: Daté obtained frosm Contrasct AF (a{694)-127

39

COMFIDENTIAL




CONFIDENTIAL

: ; 5w DT CEGA PP SUIACSTE Y 3T o
s1Buw yowozdde o0€ = 3 HIA muze«u:uwzwauc”wvuwuw wumu u amu.ﬁms wwi:w?uéiﬁ 3
ar¥uw yownadde oS = ¢ nouspusdep winewnzd so0y sywd{wuw mviwnbe J1seer] p
»YBuw yoweadde ¢ a p Wimd aoy wowM e
-, - rsssd e a9 =
dY ¥ = D «ﬁ.i:cl Boyom 4+ O wajom avEaid reooeyn 4 c
wind Q08 ©3 pentiwerou Jyros e o . O netdr ) OFIVE BITTIVHIRO ~ WO
vogT = % WANG W] 10GEE Y W [ _
HE R L |
L1852 1526 1 94 0001 o T Ty
1°68T Ty C8 € '8 o9 ¢ »
T o8 LL°Es € 0'e ek L2t % 591y L ot pf1A
5°652 65718 ¢ °e T 3
¥ 19T 9E°T6 P4 '8 0501 »
19t 816 z (A4 0L £1°1 DSRY Xt/ ot 01 P
Swpanoiuc) wyraoy ‘
v isT RS z o6 0%¢ | (171 Lt ST90% - LA
1°LsT 0L 26 t 128 ) 8 £101 $HT gling 1A
L €82 61°7% € g9 ote {171 [ wiiu-01A
MY 2IOTIING JV
, $esz 0505 |y |z°9 po0t | ertt]  wwie oy | Mla -
u& 62000°0 -~ 6L°88 €°cs? o588 € R'g Ut PV Cuwt LMY Ls £ | DIA
d $9000°0 + %76 €°097 6$°26 £ w8 0001 BET T H5LE BV ﬁ ara
N 17092 b2 P4 v FAA ¢ o001 ‘
4 68000°0 ~ €%°E6 7°192 66°26 € [ehA 5,019 L7 BOC L/ 4y _ 0z TIA
87857 09°t6 £ fANA UGt i
°d 1€700°0 + 80°26 L7982 ¥8°Z6 £ €11 00% (et 60Ty s S U AE T V1A
LA 114 9% 16 € LA XKoL : !
2 6910C 0 + (B°68 ' A 44 1L°06 € 679 (2,419 w001 TS ;.e; £ I1A
%4 0010070 + 9€°Z6 £ 682 9€ €6 € £°11 oot Lt Fi1y av i 6ot HIA
5 LLsY 8°T6 4 v'e 0001 ;
d 1T100°0 + (916 0°97r2 LT°T6 € [A8'] 00§ (11 STy &V _ ¢ oot CiA
$°6%¢C 69°16 € z'8 0001 ]
32 £9000°0 - #€°Z6 7°09T 10°76 £ 6L oS 1 nsac APBSGY [ 003 43a
S#IpNIg AdUdLI3F3Y
%a sa \™qT/owe-3q7) 1) sBurayd | m | (wred) Cay Lu0 | (Ay) Nu.fﬁ ARUTHIRO | il TUBIIEY | UOTIU]rmLOY
Louverayza 000744y kousyoy3ye | ¥o ‘on {
£ _
L

AAVISNS HONVIHOLMAL DIXSITTIVH

A VYL

0

CONFIDENTIAL

.




¢

COXFIDENTIAL

a. Be/\P/EMX Propellants - Temperature-Oxidation Ratio Effect

For Be/AP/HM? propellants, the highest efficiency at 1000
psia was 93.6 percent, vhich was obtaired with the high-temperatuse (A109 K)
and high-oxidation-ratio (1.27) propellant, VIK. Increasing the oxidation
ratio to 1.38 with a decrease in metal level and flame temperature decreased
efficiency to 92.6 percent (VIO firings). Decreasing the oxidatinn ratio
to 1.05 at essentially constant flame temperature decrzased the efffclency
to 91.6 percent (VII firings). All of the Be/AP/HMX firings appeared to
fit the same generalized temperature and oxidation ratio relationship with
impulse efficiency shown in Figure 18. The effect of flame temperature
and oxidation ratio on efficiency is shown in Figur: 25, As noted from the
VIO firings, high efficiencies can still be mainta ued at lower flame '
temperature by incre:sing the oxidution ra-io. An extension of the data
obtained from Task I: firings along with the tkrce propellants presented
in Table IV to the previous temperature-oxidation-ratio correlation is
shown in kigure 26. These firings are in good agreement with the earlier
correlation and confirm that a strong temperature-oxidation effect does
exist for Be propellants. However, the spread in data indicated other
fectors exert considerable influence on efficiency as well,

b. Metgl Level Effect

Particle lag considerations dictata that significant losses
in impulse efficiency can occar as metal loadings are increased. It is
significant, therefore, that the highest efficiencics obtained at 100C psia
were with the VIK and VIE formulations having the highest metal levels
(14-and 15.5-percent Be, respectively). Because of the interrelation
between flame tomperaturs, oxidation ratio, and metal level coupled with
the strong efficiency-temperature effect it is impossible to separate metal
level and oxidation ratio eifects. For example, the data shown in Figure
25,correlated on the basis of temperdture and cxidation ratio,can be cor-
related equally well on the basis of temperature and metal level. There is
also a strong indicztici Lhai metar level influences efficiency at high
expansion ratios and is partially responsible for chamber pressure losses.

c. VCP, VII, VIJ Vif, and VIL Propel! ants - Pressure Effects

The five propellants, VCP, VII, ViJ, VIK, and VIL, were
specifically tested for pressure effects, The correlations shown previously
indicated the high-flame-temperature, high-oxidation-ratio propellants
gshowed little or no efiiciency loss with decreasing pressure. It was not
possible in this initial correlation to separate the added effects of mass-
flow rate and L*, In this program, the mass-flow rate was beld essentially
constant for a given propellant at two pressure levels. The effect of
chamber pressure on impulse efficiency for the five propellants 's shown
in Figure 27. The three propellants, ViII, ViJ, and VIK, showed efficiency
losses ranging from 0.6 to 0.9 percent as the pressure was decreased from
1000 to 500 psia- 1In contrast the VCP and VIL propellants actually shewed
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a slight increase (0.3 to 0.5 percent) with decreasing pressure. A summary

of the important propellant and motor parameters is contained in the follow-
ing tabulation:

Propellant Ox;::zion Te Be Oxidizer gf}? L*(l) Eff(z)
vee 1.22 3850 10.0 Ar/HMX 6.7-8.4 130-180 +0.3
VIL 1.24 4008 12.0 AP/EMX 9.1-12.1 100-150 +0.5
V1J 1.17 4145 15.5 AP 7.8-9.0 130-180 -0.6
VIK 1.27 4109 14.0 AP 10,1-12,1 86-142 -0.8
VII 1.05 3971 15.5 AP 6.0-8.0 170-260 -0.9

(1) Mass flow and L* range covered
(2) Efficiency at 500 psia minus efficiency at 1000 psia

As shown, chamber temperature and oxidatioa ratio had no
apparent effect on the pressure effects obtained. Mass-flow rates were
maintained over a narrow range for a2 given propellant, and in addition
mass-flow rates overlapped for most propellants. Thus, mass-flow rate
i8 not considered a factor in the pressure effects. This leaves differences
in metal level, oxygen source, and L* as possible reasons for the observed
pressure effects. Data from other sources were correlated in an attempt

to relate the above variables to the efficiency losses with decreasing
pressure.

Table VI contains a summary of pertinent data on 15 propel-
lants for which the effect of chamber pressure on efficiency was available.
However, the motor and propellant parameters are so widely scattered that
only general observaticn® caa o. uave. These fo.aulaiions fall 1uto two
basic groups., All of tne svamuiations containing more than 12-percent Be,
with the exception of VGR, utilize AP as the sole solid oxidizer. With the
exception of Arcocel 191, all these formulations show decreased efficiency
with decreasing pressure. The Arcocel 19:. data are also unique in that
low pressure firings were made at twice the * of high pressure firings.
Increased residence time may well explain the lack of pressure dependence
exhibited by this formulation. The largest efficiency loss was observed
for the Arcocel 333E formulation, which had the lowest temperature and
oxidation ratio, The properties of this propellant are such that a large
portion of efficiency losses can be attributed to combustion inefficiencies.
For the remainder of the propellants, there was no apparent trend with

flame temperature, oxidation ratio, or metal level on efficiency losses
with decreasing pressure.
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TABLE VI

AND PERTINENT DATA FOR LEVALUATION

OF EFFICIERCY IOSSES WITH CHAMBER PRESSURE

Propellant | 0.R.“D | 1, | Be | Oxidizer | @ #(2) | gee(®)
VL 1.17 | 4145 [15.5 | ap §-9 | 130-186 | -0.6
vII 1.05 | 3971 | 15.5 | ap 6-8 | 170-260 | -9.9
VIK 1.27 | 4109 | 14.0 | AP 10-12 | 86-162 | -0.8
191 1.08 | 3852 | 14.0 | aP 6-7 | 500-240 | +0.4
VGR 1.06 | 3895 |13.0 | AP/HNX 7-9 | 230-280 | -0.9
333E 1.01 | 3630 |13.0 | AP 10-15 | 600-720 | -2.4
VIL 1.26 | 4008 |12.0 | aP/mix 9-12 | 100-150 | +0.5
vIF 1.05 | 3897 |12.0 | ap/ix 6-9 | 170-230 | -0.3
vID 1.02 | 3885 |12.0 | B 6-8 | 243-318 | +0.3
VAE 1.10 | 3870 | 12.0 | AP/mMx 8-10 | 200-250 | -0.8
3198 1.02 | 3649 |11.5 | AP/X 5-7 | 540-200 | -1.0
vep 1.22 | 3850 |10.0 | AP/ 7-8 | 130-180 | +0.3
VEH 1.19 | 3773 |10.0 | AP/BMX 6-9 | 215-250 | -0.4
VIS 1.17 | 3780 | 9.0 | mx £ L . 250-315 | +0.6
VEP 1.17 | 3703 | 8.0 | B c8 | 280-32¢ | o

{1) Oxidation ratio

(2) Mass flow and L* range covered

(3) Efficiency at 500 psis minus efficiency at 107 psia
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All the propellants presented in Table VI containing 12-
percent Be or less utiiized large percentages of HMX either as the sole
solid oxidizer or in conjunction with AP, Efficiency losses in this group
were in general much less than observed for the high metal group. Again,
the formulation showing the greatest loss with decreasing chamber pressure
had the lowest flame temperature and oxidation ratio (Arcocel 319%,. How-
ever, no trends of efficiency with temperature and oxidation ratio were
apparent for the remaindzr of the propellants. It is interesting to note
that efficiency did not decrease with decreasing pressure for any of the
all-HMX-oxidized propellants, .

Based on the above observations, it sppears that high flame
temperatures and oxidation ratios are beneficial in reducing efficiency
losses at low chamber pressures., Additional factors such as metal level
and oxygen source appear to exert some influence, Increased residence time
appeared to improve efficiency for at least one fcrmulation.

d, Mass Flow and L* Effects

Figure 28 shows impulse efficiency as a function of mass-
flow rate and L* for the propellants “ested. All of the firings, with the
exception of the low-burning-rate propellant (VIN containing AN), were con-
ducted at mass-flow rates in excess of 6 lb/sec. The efficiency of the
control propellant VCP, which s’.ows no pressure effect, remained constant
over a mass-flow range of 6 to * lb/sec, The efficiency data for the
remainder of the propellants were widely scattered on the mass-flow plot
vith a general trend toward higher efficiencies at the higher mass-flow
rates, However, if only high pressure firings are considered, no mass-flow
effect is apparent.

The data shown on the L* plot in Figure 28 is also widely
scattered. However, certain tirends appear to exist. In particuiar, the
three propellants, VIJ, VIK, and VII, which show pressure effects also
show stroang L* effects. A comparison of the data from this program with
the L* relation previously developed (Figure 4) shows the higher tempera-
ture and oxidation ratio propellants, VIK and VIJ, maintain high efficien-
cies at relatively low L* values. In contrast, the high-temperature, low-
oxidation-rstio propellant VII showed significant losses at relatively
high L* values and approximated the low-temperature and low-oxidation curve,
as shown. To further explore the effect of L* on efficiency, modifications
were msde to the standard 15PC to allow a large variation in L* to be made
at conatant pressure and mase-flow r. Ze. Two Be propellants chosen for
evaluation are presented in Table VI.. VCP was chosen as the Be control
propellant and previously showed no pressure effect or apparent L* effects,.
Propellant VII was chosen to determine if the efficiency of a high-tempera-
tvre, low-oxidation-ratio propellant c¢ould be fimproved. Its demorstrated
high pressure efficiency of 91.6 percent was considerably bdelow that
obtained with other propellants of equivalent temperstures but higher oxi-
dation ratfos. Combustion-bomb data also indicated {ts lower efficiency
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might be due to combustion ineffifiency. (Refer to Table VII.) Propellant

VII also showad a significant efficlency decrease with decreasing pressure
and L¥,

All high L* firings were made at approximately 1000 psia,

although a greater effect would be predicted at lower pressures for VII
and VIY,

Figure 29 shows the effect of L* on efficiency for the two
Be propellants, VCP and VII, A comparison of the efficiency values obtained
previously from the least squares analysis of pressure effacts with the
efficiencies obtained at high L*'s is listed in the following tabulation:

Propellant Type 'VCP VIl
L* 225 445 250 390
P 1033 1033 920 920
i 8.2 . 8.0 6.4 6.7
Efficiency 81.67 ‘91.67 91.43 91.81

As shown, only a marginal increasz in efficiency was realized for either
propellant. However, although the high L¥ motor provided more residence
time, it also allowed more exposed surface for heat loss. The Minuteman
Support Program? compared efficiency of various subscale motors and
attempted to eveluate the losses due to increased exposed surface for heat
loss. Based on their simplified assumptions, the heat loss is proportional
to the internal area (other than propellant areas) exposed for thermal
radiation and convection. The high L* motors should accordingly have about
60 percent more heat loss than the low L* motors. Assuming the low L*
motors have a l-percent efficiency loss due to heat loss, the high L* motors
lose gbout 1.6-percent efficiency due to heat loss. Thus, some increase

in efficiency was probably realized from the higher L* values, but was
balanced by a corresponding decrease in efficiency due to heat loss.

< i By e

e. Propellants with TAGNO,and AN

3

The'propellants containing TAGNO3 and AN were significantly

"less efficient than the Be/AP/HMX formulations., The average efficiency for

firings of VIG propellant containing TAGNO was 88.5 percent at 1000 psia.
For firings of VIN propellant containing AN, ti:e average efficiency was
90.5 percent at 1000 psia. The VIN formulation also showed a 6.0 percent
loss in efficiency with decreasing pressure from 1000 to 350 psia. Since
the VIN formulation had both a reasonably high flame temperature and high
oxidation ratio, the oxygen source is indicated as an important factor.
Based ca the poor performance of the VIN formulation, AN was eliminated

from coneideration for LMH-2 propellants. A comparison of oxygen sources is

JRefer to List of References
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TABLE VII

PROPELLANTS FOR HIGH L¥* STUDY

Propellant Type

vce

VII

Formulaticn (wt %)

Binder
Be
IMH-2
AP
HMX

Theoretical

A

Ballistic perforumance

Motor efficiency (%) (2)
1000 psi-
400 psia

Cqmbuetioanomb efficieacy (%)
1000 psia
400 psia

Window-bomt agglomerate size (mils)
1000 psia
400 paia

52

10

29

3850
1.22

<1
<1

52
15.5

-m

2.5

3970
1.05

(1) Oxidation ratio
(2) Determined in standard 15PC motor firings
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alss available by comparing the VIJ formulatiou to VIH, Both formulations
have the same oxidation ratio and equivalent flume temperatures. However
VIH conteining S-percent NG in place of A? gave 0.5-gercent higher effi-
ciency. Bases on these results, a ranking of oxidizer effectiveness would
be as follows: NG, AP, HMK, AN, and TAGNO,.

f. Nozzle Approach Contour Effect

The effect of nozzle apnrnach ~oatcur cn 2fficiency for
VCP and VIJ is shown in Figure 30. As shown, the efficiency increased
0.6 percent for VCP and 0.9 percent for VIJ when the approach angle was
reduvced from 30 to 5 degrees. Based on these data, the 15-degree approach
eppears near sptimum and was usea for the LIfH-Z firings in the final
characterization.

8. AP Particle Size Bffact

The affect of AP particle size on efficiency for the VIy
formulation {g shown in Figure 31, The ecfficiency ircreased 1.0 percent,
froo 180u ro 45uAP. All of the LMH-2/AP formulations contained 9OuAP.
These data indicate approximately 0.5-percent incresse in el{ficienc;
could probably be realised with the LMH-2 formulations {f 4SgAP could be
incorporated. Use of 45uAP in LMH-2 formulations was not prssible due
to processibility considerations. .

51
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2., IMH-2 Firings

Data from thirty-five 15PC firings of tne six candidate formula-
tione is presented in Table TII, A complete summary of individuel firings

is contained in Appendix B, and formulation details are contaired in
Section IV. - -

Motor evalustion of the six candidate LMH-2 propellants began
with an evaluation of the effect of L* on efficiency. The LMH-2 propel-
lant selected for L* evaluation was VIY, containing wax-treated LMH-2,
and VIY, containing AP~-treated LMH-2, VIY was chosen because of its
hizh impulse potential coupled with combustion-bomb data, indicating
80is ombustiown -inefficiency could be expected, particularly with AP~
treated material, A secondary purpose was to compare tne effect of the
two posttreatments on impulse efiiciency.

In contrast to the Be results, the VIY firings (Figure 32) gave
a significant increase in efficiency at the higher L* velues. A summary
of the impulse efficiency data is listed in the following tabulation:

Propellsnt Type VIY (Wax treated) VIY(AP treated)
L* 145 234 119 311
Efficiency 90.25 91.01 89.51 90.98

15
18P;000 278.9 281.1 276.5 281.0

As shown, the efficiency of VIY containing wax-treated LMH-2 increased hy
0.7 percent and for VIY containing AP-treated LMH-2 by 1.5 percent. The
larger increase in efficiency with residence time for AP-treated LMH-2 is
in agreement with the combustion-bomb results, which show the AP-treated
material to be less efficient than the wax-treated material. Thus,
residence time effects should be more significant for the AP-treated
material.

Hardware limitations precluded additional exploration of the L*

effect. All further LMH-2 firings were made with the high L* configuration,

A summary of ballistic dsta obtaincl from 15PC firings of candi-
date propellants is contained in Table VIII, As indicated, the first four
propellants (VIX, VIY, VIZ, and VJA) met or exceeded the target impulse of

280 1bf-sec/lbm at standard conditions. The highest average delivered

{w-ulse of 281.8 1bf-sec/lbm for an efficiency of 89.8 percent was obtained

with the AP-oxidized VIZ formulation containing 19-percent LMH-2, The
highest efficiency of 92.2 percent was obtained with the AP-oxidized VIZ
formulation containing 15-percent LME-2, These firings gave the highest
delivered lsp to date with LMH-2 solid propellants and demonstrated the
excellent potential of this ingredient in Ligh-enexgy systems.
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Figure 32. Bfficieacy as a Function of L* for IMH-2
' Propellants

The remaining two LMH-2 candidate formulations (VJI and VJL)
gave significantly lower performance than obtained with other formulations
as nresented in Table VIII. A comparison of the efficiency of candidate
LME-2 propelisnts tested with that of Be analog formulations on the basis
of temperature and oxidation ratio is shown in Figure 33. The VIX, VJA,
and Allegany Ballietic Laboratory FIQ formulations all appear to fit the
same generalized curve as the Be propellants. However, some deviation of
VIY and a major deviation of the remaining lower-oxidation-ratio LMH-2
propellancs are spparent. This anomalous behavior is better illustrated in
Figuve 34, wuich shows a cross plot of Figure 33 of efficiency versus
oxidation ratio at a temperature of approximately 3680° K for both Be and
IMH-2 oropellants. The efficiency of VIZ is approximately 1 percent below
that predicted from the Be correlation. The data show that efficiencies
of LMH-2 propellants are comparable to Be propellants for comparable temp-
erature and oxidation ratios at LMH-? loadings up to 15 to 17 percent and
corresponding to oxidation ratios of greater than 1.15. At higher LMH-2
loadings and lower oxidation ratios, LMR-2 propellants appear to be unique.

3. Mnal {B-2 Confizmstion Firings

Based on the demonstrated high performance of VIY and VJA, these
formulations were chosen for further ballistic characterization in 15PC
Sivings. The test grid was designed to maintain as high a constant L* as
possible vhile using the longer 15 degree sporoach and maintaining a mass-
flow rate greater than 7 1b/sec. A summary of impulse and efficiency data
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is presented in the following tabulation:
Formulation iy VJA
Pe 641 930% 1290 675 892* 1140
o 7.1 7.3 8.9 7.2 8.1 7.1
L* 334 323 315 336 300 344
Efficlency 89.99 91.01 91.13 90.13 90.99 89.75

15
1871 000

*Data obtained from earlier firings

278.0 281.1 281.5 278.8 281.4 - 277.6

All of the confirmation firings, except the high-pressure, high-
mass-flow-rate VIY firings, gave efficiencies 1 percent l~wer than previcusly
obtained. These data show chamber pressure has little or no effect on the
efficiency of VIA from 650 to 1150 psia. However, mass-flow rate appeared
to significantly affect the efficiency of VJA with a l-percent loss obtained

- by decreasing the mass-flow rate from 8 to 7 lb/sec. It should be pointed

out that the longer 15 degree approach and corresponding greater heatsink

may be a contributing factor to the apparent mass-flow effect. For VIY ic

was impossible to seperate the effects of mass-flow rate and chamber pres-

sure on impulse efficiency. The lower mass-flow rate is suspected to be

the major cause of the l-percent lower efficiency obtained at the lower

pressure level. Figure 35 shows the effect of mass~flow rate on efficiency

for VJA and VIY appeared comparable at equivalent mass-flow rates with little

performance penalty expected for chamber pressure down to 600 psia at high
mass-flov rates.

Figure 36 shows efficiency as a function of mass flow for all of
the LMH-2 propellants at high L* values compared to the VCP mass-flow curve,
As shown, VIX follows the VCP scaling curve, vhareas the VIY, VJA, and VJL
formulations shov & much more severe gcaling curve., The VIZ and VJL formu-
lations sre less efficient than the VIY and VJA formulations and undoubtedly
follow still more severe scaling curves. The apparent teniency of VJL to
follow the VIY and VJA scaling curve leaves hope for good performsnce of
this propellant at higher mass-flow rstes. Since VJL has a 3-sec higher
theoretical impulse than VIY end VJA, the delivered impulse of this pro-
pellant may well be higher than eiiher VIY and VJA at high mass-flow rates.

CONFIDENTIAL
obtained from VIY and VJA firings, along with the data previously obtained, |

These firings point out the limitations of optimizing performance
of LMA-2 propellants in small motors by optimiszing motor and propellant
parsmeters. Of the thres motor parameters considered--mass-flow rate, L*,
and noszle approach sngle--optimisation of one parameter can bde made only
at the expense of the other two parameters within the present hardware
limjtations. Baesed on these firings, mass-flow rate appears to be the
coatrolling motor parsmeter below 8 lblooc At higher mass-"low rates,
jsprovements in efficiency are odtained by increasing L*, From these tests
it was impossidle to detect if eny improvement in efficiancy was obtained
by use of the 15 degree noszle approach. 1m addition, some potential
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performance gains may be lost by using propellants which show higher per-
formance at less favorable motor conditions in place of propellants with
higher theoretical performance which give lower performance in small sotors.

4, 1IMR-2 Performance Logses

The previous analysis and correlations have allowed optimization
of propellant and mu:cox paramé¢ters to a large extent and corresponding
attainment of the program goal. However, the limitations of this semi-
empirical approach in leading to a better understanding of losses observed
vith Be and LMi-2 prcpellants is acknowledged. The apparent rapid drop in
efficiency uc high LMi-2 loadings limits the attainment of the ultimate
pexformance potential for LMH-2 propellants, and a clearer understanding of
this phencnenon is particularly important. An attempt was thus made to
fuxther fsolate the factors affecting impulse efficiency.

The basic behavior of LMH-2 in nitrasol propellants has been
explored by other recent programs.

Under Contracts AF 04(611)-9097 and AF 04(611)-11219, Lockheed
Propulsion cqmpanym has used, with some success, the nonequilibrium flame
temperature (T%*), assuming fuel pyrolysis only, in predicting LMH-2 propel-
lant efficiencies. Pundemenial combustion studies have shown that metals
such as Be that form protective oxide coatings require temperatures close

. to their oxide melting points for particle ignition. According to Lockheed,

T* values should be in the neighborhood of 25000 to 2600° K, approximating
the melting point: of Be0 (2820° KX), for fficient LMH-2 combustion at LMH-2
loadings above 15 percent. Deviations .t low LMH-2 loadings and low T*
values, where high efficiencies were obtained, were explained in terms of
the basic decompo.ition mechanism., For low LMid-2 loadings, it is suspected
that the hydride was ejected into the gas stream; whereas for higher LMH-2

 loedings, surface decomposition and metal agglomeration is a favored assump -

tion. T* calculations were performed on six LMH-2 propellants tested and
are shown correloted with impulse efficiency in Figure 37. A sharp drop in
efficiency at low T* values is observed as predicted.

leer Contract AF 04(611)-10742, Hercules' Allegany Ballistics
Latoratory"" (ABL) has extensively explored the combustion behavior of LMH-2
using combustion-bomb and window-bomb technizues. Results of this work
indicat: agglomeration is the main cause of observed combustion-bowd inef-
ficiencies. Limited data suggest flame temperature and oxidation ratio

influence combustion efficiency by affecting agglomerate combustion rather
than agglomerate formation.

A series of closed-bomb tests were also performed on selected Be
and 1MA-2 propellants tested in this program. Combustion-bomb tests for
residue analysis and micro-window-bomb tests for agglomerate sise data were
performed at ABL using techniques previously employed under Contract
AP 04(611)-10742. Beat-of-explosion tests were performed at Bacchus in a
standard Parr bomb. Results of tnese tests are susmarised in Table IX.

lo‘uhfcc to List of References
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Analyeis of the data in Table IX indicates the following:

(a) Bervliium propellants--VIH, VII, VIJ, VIK, VIL and VIO
--gll showed good combustion efficiency at 1000 psia,
with maximum impulse losses of 0.5 percent predicted
for VII and VIJ (180pAP). VII and VIJ (180uAP} formu-
lations showed combustion inefficiencies at 400 psia
with an impulse loss of 1.5 percent predicted for VII
and 3.0 percent for VIJ (180uAP). Based on agglomerate
size, VIJ (90pAP) could also show efficiercy losses
at low pressures.

The VIM and VIN data show AN-oxidized systems to have
a significantly lower efficiency than AP-oxidized
syctems, Based on these data, only a limited number
of AN firings were made to confirm the combustion-bomb
results,

-~
o
-

LMH-2 propellants, VIX and VIY formulationa2, gave gocd
combustion-bomb efficiencies at high precsures with a
trend toward lower efficiencies at lower pressures.

The use of AP-treated LMH-2 also decreased efficiency.
0f the remaining two formulations tested in the com-
bustion bomb (VJA and VJI), both were HMX oxidized and
were significantly less efficient than AP-oxidized
propellants. As shown, heat-of-explosion data appeared
to follow the same trend as the combustion-bomb data.
Also of significance is the larger agglomerate size of
LMH-2 propellants compared to efficient Be propellants.

Aitnough decreasing combustion-bemb erficiencies lmply lower
impulse efficiencies, a direct relation remains to be established. Some
ingight may be gained, however, by calculating the impulse efficiency loss
based on unburtted Be and also by a direct comparison of closed-bomb data
with observed impulse efficiencies, Table X contains cezlculated impulse
lossecs assuming fixed percentages of unburned LMH-2 for VIY and VJI formu-
lations. These data show a maximum calculated loss of 2 percent based on
combustion-bomb eificiency for the VJI formulation. However, the impulse
efficiency of VJI was & percent lower thun that ot che VIX formulation
showing no unburned Be, This large discrepancy precludes the estimation
of impulse losses from combustion-bomb data directly. However, Figures
38 and 39 show a definite trend toward lower impulse efficiences with
lower combustion-bomb and heat-of -explosion efficiencies, although other
ef acts are obvious., 1In addition, Figure 40 illustrates a trend toward
lower motor efficiencies with increasing agglomerate size, as Jecermiued
from window~bomb firings; although, agein, a large variance {s present.
These treands support the agglomeration theory for the observed {neffi-
ciennies at high LMH-2 loading and low oxidation ratiocs. Data are too

1imited to determine the interaction «f T¢, ¥, or oxidatiun ratio un the

CONFIDENTIAL




O v S o P T T S T O RS T YR Y AN VN0 - 1% IR SR A

CONFIDENTIAL
8

agglomerate formation. However, ABL has made the following observations

relating to the effect of apglomerate formation on LMH-2 combustion effi-
clency:

% (a) At constant flame temperature and oxidation ratio,
combustion efficiency is inversely proportional to
the agglomerate size.

: (b) For constant agglomerate size, combustion efficiency
increases with increasing flame temperature and
oxidation ratio.

TR

(c) Agglomerate size increases with increasing LMH-2
loadings and particle size.

(d) Agglomerate size increases with increasing AP
particle size.

These observations, coupled with the developed flame-temperature

: and cxidation-ratio correlations, may be ueed as guides in optimizing LMH-2

‘ performance. However, the determination of the interaction between agglom-
erate growth and the propellant environment appears necessary before the
ultimate potential of LMH-2 propellants can be projected. The large dif-
ferences between the observed efficiency losses and those predicted from

‘:: combustion-bomb efficiency also warrants additional consideration. Because
of the lower ilare temperature of LMH-2 propellants, coupled with the high
meltinc voints of BeO, nozzle losses may be partially responsible for the
discrepancy. Figure 13 shows that both Be and LMH-2 propellants show
efficiency losses with increasing expansion ratio. If, as has been sugges-
ted, these losses are connected with supercooling phenomena, the lower
flame temperature Be and LMH-Z propellants should exhibit these iosses
early in the expansion process. Calculations were performed on the VIY

; formulation to determine the magnitude of the losses to be expected from

i supercooling and are summarized in Table XT. As shown, a l-percent loss

is calculated for VIY at an expansion ratio of 10:1, whereas no loss is

calculated for the high-temperature Be propellants at this expansion ratio,

In addirion, Table X shows that for 10-percert unburned Be in the VJI

metrix, a flame temperature decrease of approximatley 200° K could reduce

impulse efficiency by an additional 1 percent, assuming supercooling.

e i

In summary, the performance lusses associated with Be and LMH-2
propellants appear due to a combinatior of toth combustion and expansion
losses. The combustion losses appear due to agglomeration, which is
improved mainly by higher flame temperatures and oxidatioa ratios. Nozzle
losses alao are probsbly & function of the combustion efficiency and flame
temperature, Additional testing and analysis are needed to better define
the interacticn between the combustion process and the resultant impulse
efficiency.
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TABLE X

| EFFECT OF UNBURNED Be ON THECRETICAL
IMPULSE FOR IMH-2 PROPELLANTS

Wt % Unburned Theoretical Calculated Te
IMH-2% Isp(1000/14.7) Efiiciency (°K) 2.R.
VIY
0 308.9 100 3679 1.22
5 306.6 99.3 3595 1.26
10 303.8 | 98.4 3503 1.30
20 297.3 96,2 329 1.38
50 279.8 90.6 3020 1.73
I
0 314.0 100 3623 1.06
e 5 311.2 929.1 3537 1.09
10 307.9 98.1 3440 1.12
20 301.2 95.9 3217 1.19
50 ‘ 282.6 90.0 2959 1.45

*Calculations assume pyrolysis of ILMH-2 to Be
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TABLE XI
CALCULATED EFFECT OF SUPERCOOLING FOR
THE VIY FORMULATION
Equilibrium' Supercooled
Expansion | Exit Temp | Equilibrium | Exit Temp | Supercooied | Efficiency
Ratio (°x) Vacuum Isp (°x) Vacuum Isp (%)
3.5 2820 297.8 2764 297.8 | 100
5.0 2820 311.6 2623 310.8 99.7
7.5 2740 326.4 2471 324,0 99.3
10.0 2638 335.8 2367 332.4 99,0
3¢.0 2256 366.1 1994 359.3 98.1
50.0 2083 377.5 1836 369.5 97.9
g

F. ULTIMATE WH-2 PERPCRMANCE POTENTIAL

it should be‘emphasizéd that the high delivered impulses obtained
for LMH-2 propellants in this program were achieved m&inly by the use
of a high-en2rgy dinder {16.54 NC/82.0 RG).  The -energy iavel of this binder
is felt to be clos? to the maximum within the present staie-of-the-art. As
higker energy plasticizers and oxidizers become availsbdle, higher performance
levels from LMH-2 propellaats can be reasonably projected. Of particular
interest are the advanced perchlorate oxidirers and difluoraainc compounds.

Conslderation must alsc be given to the effect of =motor scaling on
LMHR-2 perforxance. Some estinute of the effect of motor scaling is available
by considering dsta genersted oft L* and mass-flow rate effscea for LMH-2
propellants tested to date, Figure 32 shows that additional i{mprovements
in efficiency can be axpectzd by increasing L* levels sbove 300. Because of .
the increased heat ioss to the high L* motor, improvements in sdditicn to
those shown can sluo be expected for a low-heat-loss moior. Dats chtsined
from Task II firlogs indicete an Ifucrease of sfficlency of .5 percent =an
be obrsined by decreasing the noxzle approach angle from 3 to 13 degrees,
Cosbining these effects, efficiencies as high as $2.% percent can reason-
ably be projected for VIY, g&v‘ng a dalivered fmpulse of spproximately
z&S sec in FPFC motors.
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Al:lsugh density was not a consideration in formulation of the initial
LMH-2 propellants, it is now interesting to explore the optimum performance
potentisl of LMH-2 propellants based on impulse-density considerations.

To give some basis for coriarison, a density exponent of 0.25 was arbitrarily
selected as being representative of possible upper stage applications for
LMA-2 preopellants. Using this density exponent, a performunce comparison

of the four high performance propellants tested to date is presented in

Table XII. The highest performance is obtained with VJA (RMX oxidized)

formulation.

TABLE X111

Isp DENSITY POTENTIAL OF CANDIDATE LMM-2 PROPELLANTS

—_
Propellant Type VIX VIY ViZ VJA
Theoretical Performance ‘3
Isp (1000/1%4.7) 303, 7 308.9 313.8 300.3 -
p (gm/cc) 1.356 1.319 1.284 1.355
Isp x p0° 2 328 331 334 334
Delivered Perfo. ~ance i
1spri§%0 N 2a0 281 292 281
Isp x5 302 301 300 303

Consideration was also given tc the effect of solids lecading and the
use of mixed metal systeme on theoretical impulse decsity using the came

density exporent of 0.25.

The effect of increasing solids loading from

spproximately 6C to 70 volume percent by increasing solid ox{direr loading
for the formulations explored in this program is presented in Table XIII.
Processirg coneiderations would probzbly limit this increase to Qg?roximacely

65 volume percent solids.

Only a ma:ginal increase inlsp x 0

. &

vag ob-

tained by increasing the solid oxiairer loading foi either the AP or B™X

syscems,

It should be poin
IMH-2/BMX) with an Isp x p

ut tha: the VJI formulstion (17-percent
of 337 s nearly the paxiaum obtsinable.

There {s little evidence to indicate increased so1{ds ox{diser loading in
place of MC would be beneficial for LMR-Z combustion, and this does not
sppear to be a desira>le approach.

The effect cf the additior of Be, Al, aod 2y on impulee deansity la
presented in Table X1V, Tho sdditfon was made by replacing either solid
oxidizer or liquid. The additicn of any of these three metals ic detri-
" mentsl to the LEH-2/AP svatem piiormsnce over that presently svailable

with the VIZ formclation,

For ths BMX system, caiculstions were performsd

ou Be sddition only, These calculstions show that -ssentially equivslen:
performance i{s obtaired by Be addition £ that presestly availsbdle.
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TABLE XIIl

EFFECT OF SOLIDS LOADING ON Isp P

- Formulation* H
Theo P Te 0.25
IMH-2 | AT ™M | NG Isp (gmfcc) | (OK) |O.R.** | Ispxp °
12 24 0 50 1295.7 1.415 | 3663 | 1.57 323
15 23 o | 50 |303.7 | 1.356 | 3678 | 1.34 328
17 21 0 50 | 308.9 1.3°9 3679 | 1.22 331
19 19 0 50 | 313.8 1,284 | 3672 i 1.11 334
21.45 16.55{ 0 50 {319.0 1.244 3626 | 1.00 337
15 38 0 35 [301.° 1.387 3680 | 1.43 328
17 36 0 35 | 307 1341 3680 | 1,30 330
19 34 0 35 | 312 1.313 3680 | 1.17 334
22.30 ’30.7 0 35 | 319.3 1,258 3628 | 1.00 338
12 0 27 S0 | 301.7 1.415 3602 | 1.29 329
15 0 24 50 | 309.3 1,355 3621 § 1.15 | 334
17 0 22 S {314.0 | 1.319 | 3823 [ 1,06 | 337
18,7 0 20,3 | S0 }317.3 1.24%0 359¢ | 1.00 3.
15 0 39 35 1310.3 1.384 35060 | 1.05 337
17 0 37 35 1314,5 1.346 3530 | 1.00 339
*All calculations were made with 10 percent NC and 2 percent stabili.ers
for the AP system or 1 percent stabilizer for the X system
**Oxidation ratic
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TABLE XiV

E¥FECT OF ADDITIVES ON Isp P

Formulation*
Theoretical P Te 0.25
IMH-2 | AP | Be | NC Ieo (gm/ce) | (°K) | O.R.¥* {Isp xp
12 26 | o]so 295.7 1.415 | 3663 | 1.57 323
12 % | 3 |a7 299.0 1.422 | 3779 | 1,32 327
12 26 | 6 |44 300.9 1.427 | 3870 | 1.13 330
14 2% | 0 {50 301.3 1.375 | 3675 | 1.41 326
14 Z 3 |47 304.0 1.382 | 3778 | 1.20 330
4 % | 6 |44 305.5 1.387 | 3837 | 1.c~ 332
16 22 | o]so0 306.3 | 1.337 | 3679 | 1.28 330
16 22 | 2 |48 308.2 1.342 | 3741 | 1.15 332
16 22 | 4|46 309.3 1.3%5 | 3779 | 1.05 333
12 2% | 2|50 298.3 1.213 | 3742 | 1.39 326
12 22 | 4 |so 300.3 1.412 | 3813 | 1.2 | 327
y 12 20 | 6 |50 301.8 1.411 | 3869 | 1.1l 329
b 1% 22| 2!so0 303.5 1.3%4 | 3746 | 1.26 329
14 20 | 4 |50 305.2 1.373 | 3804 | 1.13 331
% 18 | 6|50 306.2 1.372 | 3830 | 1.02 332
16 20| 2|50 308.4 1.336 | 3740 | 1.15 332
16 18 | 4 |50 309.8 ..335 | 3776 | 1.03 333
16 16 | 6.]50 308.4 1.3% | 3706 | 0.9 331
AMX ‘ .
12 27 | o |50 301.7 1.415 | 3602 | 1.29 329
12 25 | 2|50 304.7 1.415 | 3689 | 1.17 332
12 23 | & |so0 306.7 1.6% | 3760 | 1.06 E
14 25 | o |50 306.8 1.376 | 316 | 1.19 332
14 23] 2|50 309.4 1.375 | 3692 | 1.09 | 235
g | 12 27 | : |48 304.9 1.419 | 3682 | 1.16 333
Vg | 12 27 | & |46 307.3 1.422 | 3762 | 1.05 336
e 25| 24| 3096 1.379 | 3684 | 1.08 | 336
‘!‘.’" #, +% Rafer tc nd of table for legend
o) ) -
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‘! @ TaBLE IIV (Cont)
EFFECT OF ADDITIVES ON Ispp
[ Pormulation¥ -
Theoretical P Te
IMN-2 | AP Al! R isp (gm/cc) | (OX) | O.R.¥*
12 26 o |so 295.7 1.415 | 3663 | 1.57
12 26 3 147 295.6 1.433 | 37119 | 1.42
12 2 | 6 |44 295.3 1.449 | 3773 | 1.29
14 264 0 |50 301.1 1.375 | 3675 | 1.41
14 24 3 |47 300.8 1.392 | 3717 | 1.29
16 24 6 |44 300.2 1,607 | 3756 | 1.17
16 22 | o |so 306.3 1.337 | 3679 | 1.28
16 22 3 |47 305.7 1.353 | 3701 | 1.17
! 16 | 22 | 6 |4] 3047 1.367 | 3717 | 1.07
E 12 2% | 2 |50 295.8 1.620 | 3698 | 1.46
| 12 22 | 4 |50 296.0 1,626 | 3738 | 1.36
12 20 6 |50 296.1 1,432 | 3772 | 1.27
' 14 22 | 2|50 301.1 1.380 | 3699 | 1.32
14 20 ! 4 |50 301.1 1.386 | 3730 | 1.23
i4 18 6 |50 300.1 1,391 | 3733 | 1.15
16 20 2 |50  306.1 1.343 | 3689 | 1.20
16 18 4 | sc 305.9 1,347 | 3707 | 1.12
16 16 6 |50 305.4 1.352 | 3710 | 1.05
Zr
12 26 0 |50 295.7 1.415 | 3663 | 1.57
12 26 3 |47 293.7 1.646 | 3697 | 1.49
12 26 6 |44 291.€ 1.476 | 3726 | 1,42
14 2 0|50 301.1 1.375 | 3675 | 1.41
14 A 3 47| 297.0 1.433 | 3733 | 1.25
14 26 6 | 44
16 | 22 { o0 |50 306.3 1.337 | 3679 | 1.28
16 22 3 |47 304.3 1.365 | 3711} 1.22
16 22 | 6 ,44) 302,2 1.392 | 3731 | 1.16
%, & Rafer to end of table for legend
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TABLE XIV (Cont)

EFFECT OF ADDITIVES ON Isp P

Formulation®

. Theoretical p Tc 0.25

1MH-2 AP Zr | RG isp (gm/cc) | (OK) | OR,** |[IspXx p
12 24 2 |50 294.6 1.429 | 3687 | 1.50 322

12 22 4 |50 293.5 1.4064 | 3706 | 1l.44 322
12 20 6 |50 292,3 1.459 | 3724 | 1.38 321
14 22 2 |56 300.0 1.388 | 3698 ! 1,35 326
14 20 ; 4 |50 298.9 1.402 | 3714 | 1.3C 325
14 18 6 |50 297.7 1.416 | 3736 | 1.24 325
16 20 2 |so 305.3 1.350 | 3702 | 1.23 329
16 18 | 4 |30 304.1 1.363 | 3715 | 1.18 329
16 16 6 |50 302.9 1.376 | 3727 | 1.13 328

%A1l calculations were made with 10-percent NC and 2-perceant stabilizer
for AP formulations or l-percent stabilizer for the HMX formulations

%#¥%0Oxidation ratio

It 18 conciuded thet any consideration of increased solids loading or
the use of mixed-metal systems must be based on improved impulse efficiency.

In surmary, four areas of investigation appear particularly attractive
to obtain sdditionsal increases in performance of LMH-2 above those cbtained

to dete on this program.

¢y

(2)

3)

4)

They are as follows:

Additional combustion studies to determine the interaction
between cloged-bomb data and motor performance

Motor iscaleup of selected high-energy LMH-2 propellants with
close attention to motor design parameters

Additional emphasis on those propellant ingredients which
can spprccigbly improve the propellant combustion environ-
ment as represented by flame temperature and oxidation ratio

Investigation of the potential of mixed metals to improve
combustion efficiency in conjunction with higher solids
iocadings
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SECTICN IIl
TASK II, PORMULATION AND BALLISTIC EVALUATION

A, SCOPE

Task II comprised the majority of the program effort, The ebjeckive
of this task was to formulate and test candicate higt-performemecs propel-
lant systems selected under Tusk I. This task utilized both Ba coatrol
axd snalog formulations ag well as IMH-2 formvlations, Uuder this task,
35 1LMR-2 and 70 Be motors were evaluated. The test motors comtained a
nominal 10- to 15-1b propellant chsrge and exhibited mase-flow rates of
5 1b/sec or grsater. The task was divided into two phases, In phase A,
formulation screening was conducted, with the bulk of the motors fired at
approximately 1000 psia exhausted to Bacchus ambient pressure (~12.Z psia)
with optimum expansion ratio, Phase B more extensively charzcterised
selected high-performance LMH-2 formulations. Table XV contains a break-
dovm of various areas investigated under Task II,

TABLE XV
TASK 11, FOMMULATION SCREENING

‘Mo, Pirings | Fo. Pirings

Subtask _ Purpose (Be) (Imi~2)
Phage A
11-6 Efficiency correlations with Be 43 -
propellants
1I-7 Oxidizer particle size studies with 3 ' -
Be propellants
11-8 i)ptinu- nozzle geometry 11 -
II1-9 Incressed L¥* studies 4 9
1X1-10 | LMH-2/AP propellants - 6
II-:ll 1MR-2/AN or BMX propellants .- 9
Phase B
11-12 | Characterisetion of selscted Be and 4 i1

1Mi-2 propsllants

CONFIDENTIAL




CONFIDENTIAL

B. LABORATORY PORMULATION AMD PROCESSING STUDIES

1. Beryllium Propellants

~ Basad on the results of Task I, laboratory formulation studies
ware performed ou Me aralog formulations of propcsed LMH-2 propellants
presented in Table 1I.

The VIH propellant was designed to have the same metal level,
oxidation ratio as the proposed 19-percent IMH-2 formulstion. The VII pro-
pellant was formulated to demonstrate the effect on efficiency due to
decreasing oxidation ratio in a high-metal-level propellant. The VIJ pro-
pellant was designed to show the effect on efficiency of oxygen source
(5 percent more AP for NG than the VIH formulation) at s& constant metal
isvel and oxidation ratic. VIJ was also formulated with 45, 90, and 180 u
AP to determine the effect of AP particle size on efficiency. The VIK,
VIL, VIM, and VIN propellants represented the Be analogs of the 17-percent
LMH-2/AP; 15-percent LMH-2/AP/HMX; 19-percent LMH-2/AN; and 17-percent
LMH-2/AN, respectively, in both metal level and oxidation ratio., The VIO
propellant was designed to determine the effect of oxidation ratio on
efficiency at a low metal level, and VIC was formulated to evsluate TAGNO,
as an oxidizer,

Processing studies were conducted to determine the tradeoff
between liquid level snd oxidiszer particle size on processibility. In
conjunction, a raview was made of past processing experience with Be pro-
pellants. Consideration was given to weight and volume percent solids
loading, solids particle size, particle size ratio, and overall composi-
tion, Pigure 41 shows propellant viscosity as a function of the weight
ratio of fine to coarsc particles, based on the totzl solids content.
Although the data are scattered due tc ingredient and composition differ-
ances, the effect of increasing fines on viscosity was normally predictable.

For propellants comctaining 10 to 15,:PNC and 12 uBe, little effect
on viscosity is noted by decreasing the or‘direr particle size dowm to %904,
or a particle siszse ratic of approximately 6:1. However, for particle sizes
less than 90u, viscosity rapidly increasad even at moderate solids loadings.
This effact is further illustrated in Pigure 42 for the VIH and VIJ formu-
lations containing 57- and 6l-perceat-by-volums solids loadiag, respectively.

Using Figure 42 as a guide, formulation work was completed on the
Be analog formulations with little processing difficulty. Table XVI shows
the rheological criteris and Table XVII the pertinent propallant data for
the snalog formulations.

2o "2 1 4
lLaboratory formulation screening and processing studies were con-
ducted on six candidate LMH-2 propellants sslectad from the Task I corre-

lations, which were predicted to mest the program objective of a delivered
impulee in excess of 280 1bf-gec/lbm.
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a. Binder Selection

Because of the apparent dependency of the efficiency of LMH-2
propellants on ilame temperature and oxidation ratio, it was necessary to
formulate with a highly energetic binder. A 10-percent-NC level was selected
as bdeing the lower limit which wculd give adequate physical properties vith-
out crosslinking techniques. Based on predicted impulse values and projected
procesaibility criteria, formulations containing up to 50-percent NG were
cousidered. A series of 10-gm LMH-2 mixes were made with varying Iiquid

. compositions and AP, AP + HMX, and AN as primary oxidizers. At the 50-

percent liquid levei, the following liquid compositions were investigated
for their effect on uncured sensitivity:

(1) 99-percent NG + l-percent 2-NDPA
(2) 95-percent NG + 4-percent TA + l-percent 2-NDPA
(3) 97-percent NG + 2-percent TDI + l-percent 2-NDPA

Table XVIII contains the mstrix compositious and the range

.0f valuss obtained for the uncured sensitivities. The lower range of

impact and friction sensitivity values obtained compared to conventional
doudble-base propeliants indicated an additional degree of hazard was in-
volved in processing with these licuid compositions. There appcared to be
no significant difference (. the sensitivity levels of any of the three
1iquid compositions considered. Additional sensitivity tests were also
run with a 90-percent NG, 9-percent-TA solveut, which showed only a mar-
ginal i{zprovement in the sensitivity levels. These tests indicated the
total amount of NG in the formulations was a major contributor to tim lower
uncured sensitivity values and thsat 1little advantage was gained by swall
coplasticizer dilutions.

Because of the increased sensitivity of the proposed LMH-2
propellanis due to the high-energy solvent, additional senaitivity testing
was performed to determine the hagards from thin propellant films. The
teet (thin filw propagaticn) conzisted of measuring the potentisl of thin
sropellant films to propagate in the uncured state from fmpact. The tesc
apparatus utilized the standard impact apperstus modified for a thin pro-
peliant film ribboned out to 4 in. long and containing two intermediate
breakwires, In a complete propazatiom, both breskwirss fire. 1In a partial
propagasion, cnly one breskwire fires. Comventionsal double-base propel-
lants siiow no tendancy to propagate in this test, The LMH-2 cendidate
formulations contalning both 90- and 99-percent-NC solvents were tested.
The resulting data are ths following:

VIY {59-percept KC) VIA (99-percent WG)
7 compliete propagaticns 10 complete propegations

3 partial propsgations
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VIY (90-percent NG) VJA (90-percent NG)
- 10 partial propagations 7 partial provagations

3 nonpropagations

Although a trend toward improved thin film propagations
results when the lower NG solvents is evideat, it is of such a magnituae

88 to be of questionable significance in indicating a reduced hazard,

Based on results of the propagation and standard sensiti-
vity tests, wodifications were made to the production facility to allow
complete remote handling through castings of the 1SPC motors. Of parti-
cular significsnce was the instigation of remote cleening procedures to
eliminate hazards from thin films during cleanup.

Using these added precautions, it was anticipated that the
following binder could be processed safely:

Candidate LMH-2 propellant binder

Ingredient Weight (percent)
KRG (Plastisol NC 10 to 154) 16.4
N6 82.0
2-RDPA 1.6

Becausz of the anticipated problems with the incorporation
of high percentages .. 1MR-2 (19 percent), the binder level was fixed at
61 percent by weight for a'l formulations represerting between 57- and

60-percent-volume solida loading for those formulations under considera-
tion.

b. $olid Oxidizer Coosiderations

The three primary oxidizers, AP, HMX, and AN, were originally

considered for the IME-2 propellants. Because of efficiency considerations,
AN was subsequently alim‘iated. Of the final six formila.ions, three con-
tsined AP, two BMX, and one AP and uMX.

Oxidizer partitle sixe selection for the candidate formula-
tions was based on both processibili.y and impulse efficiency coosidera-
tions. Since the ingrediant types, psrticle sise distributions, and volume
solids loadings foi the LMR-2 propellsnts were similar to the Be analog
forwulations, similar piocess considerations could be employed. Figure 42
shows viscosity is rslatively insensitive to AP pariicle size down to 90u
dut incrusses rapidly for decreasing particle sizes below this level.
Figures 24 end 32 show tha effaect of AP particle size on the effictency of
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Al, Be, gnd IMH~2 double-base propellasnts. These data show an almost .
linear relation exists between AP particle siz: and impulse efficiency.
Th=:, some additional performance gaine could be expected for formulations
concaining AP particle size less than 7u. Because of the rapid viscozity
{acrease with AP particle sizes less than 90u, and the necescity to formu-
iate up to €C-percent-golids loading at high IMH-2 loadings, 90u AP was
selected as the best compromise for the three all-AF oxidized LMHe=2 pro-
pellants. For the HMX form:latioms, advantage was taken of the lack-of-
efficiency loss with increasing HMX particle size, and Class A HMX (180u)
was used. This also allowed the jacorpcraticn of the fine AP (154) in the
mixed AP/HMX propeilant.

It should b= poinced oui that lor .r void voliumes resulting
in lower viscnsitles could have bzen obtained by the use of a bimodal or a
trimodal omidizer blend. A bimodal distribution is present with NC and
ILMH-2 considered in additisn to the 90w 4¥, Howsver, little increase in
packing is sbteined by the addiiicn of a third particle size until a
particle sige rstic of approximately 20 to 1 is exceeded. This would
require a large percentage of the solid oaidizer ¢o be in excess of 200u
and was fe't to be prchibitive from efficien.y considerations.

¢, IMR-2 Incorporetion

Work prior zo the start of Contract AF 04(611)-10754 had
shown that processibility of IMH-2 propelisnts beceme marginal at IMH-2
loadings abave 15 percent (58-percent-volime-solids loading). I .en =zt
these low IME-2 levels it was usually necessary to use ground IMH-2, This
limitetion was felt to be due to » combinatior: of luw bulk densities, ¢
poor shape factor, and surfsce anomalies. Coasidersble effort was expended
to improve tke processihility and rhec logical propertias to aiiow increised
IMH-2 loadings. Primery emphasis was pizced on the develcpwent of post-
treatment methods to improve IMH-2 bulk dercity znd shape factor and to
mesk ~urface efrects. Of the varicus methods tried, tle following were
the wost succesgful,

13 Grinding

» g i

All iME-2? lote ware ball-~zilled by the Ethyl Corpora-

stion for 30 mia., This aormxlly increased bulk density from 0,30 to
0.38 gm/cc, although variat! ns in specific sur¥zce, particie size, and
bulk denaity between lots was appavent.

2)  HMsx srgcating

A l-percent costing of CEC high vacuun wax wax placed
vn the Lafi-z by stripping from & volatile eolvant,
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Q ' 3; AP Treating
) AP vas ™scrystallized in the presence of LMH-2 from @
satursted AP/LWil-2 water dispcrsion.

In addizion, various LMi-2 lots .xhibited & tendency to
388 during cure, resulting in porous propeiiant. Two posttreatments were
uscd to eliminate this gassing., These posttreatments consisted of an ele-
vated timperature vacuus bakiag cyele or a4 room-temperature vater-wash
cy-le. -

Complete details of the characterization of 1MH-2 and
the developgd posttreatments are contained in Section IV,

g, Propellant Sel~ction

Based on the efficiency correlations, binder snd oxidizer
particle gize astudies, and the developed IMH-2 postrreatments, the <ix pro-
pellants liasted in Table XIX were selected for ballistic screening. The
VIX, VIY, and VIZ propellants werw selected to explore the tradeoff between
IMH-2 loadinga and delivered impulse for an all-AP oxidizad syatem. The
VJA snd VJI propellants were selected to explore an all-BMX oxidized
systei. It wzs slso desizable to explore the use of fine AP in a mixed
AP/HMX system from efficiency conaiderations. Several mixes were made to
determine che eifsct ua processibility due to substituting fine AP for

HMX in the VJI mezrix. These results are listed in the following tabu-
. lstion:
Percent 15 AP 0 5 8
Viecosity @ 3 rpm (cps) 77,000 160,000 393.000

Because of the marginal processibility with greater than
5~pexrcent fine AP, VJL was chosen for ballistic evaluation.

Table XIX also contains a summary of pertinent data obtained
on the six cendidate LMH-2 formulations. As previously discussed, uncured
sens!tivity dats was matisfactory for processing, although impact and fric-

. tion values were lower than conventional double-base propellants, Cured

? sensitivity values were comparable to comventional double-bsse, Thermal
stability was excellent, as evidenced by autoignition tests. Physical
prornrties were more than adequate for subscale and soms large motor
apilications. The lower tensile strength of 75 psi for VJA compared to
100 to 120 psi for VIX, VIY, and VIZ is due to the large Class A HMX
particle used in VJA., Improvements in physical properties could be made
in these fornulations by cross-linking techuiques. Exparimental densitics
were greater than 98 perceat of theoretical in all cases; confirming the
adequacy of the nosttreatmweats usad.
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e. Erocess Studigs

Table XX shows the rheological criteria for the LMH-2 formu-
lations. The VIZ formulation with 60-percent-volume solids and 19-percent
IMH-2, snd the VJL formulation with 59-percent-volume solids, 17-percent
1LMi-2, and S5-percent 154 AP were the most difficult formulations to be
processed in the program. The following techniquu were used to facilitate
mixing and casting of these formulations:

(1) Use of wax-treated or AP-treated LMH-2
(2) A haated mix cycle

(3) Agitation and vibration during casting

rigure 43 shows the effect of LMH-2 loadings (from 13 to
19 parcent) on viscosity for two IMH-2 lots evaluatad (99 and 97). Lot 99
gave significantiy higher viscosities than lot 97 at both 15- and 19-percent
IMH-2 loadings. The effect of wax treating and AP treating on lot 99 is
also shown in Figure 43. Use of wax treastment for lot 99 decreased vis-
cosity from 120,000 to 70,000 cps ia vIX (15-percent LMH-2) formulation.
The AP treatment further decreased viscosity froam 300,000 to 240,000 cps
in VIZ (19-percent IMH-2) formulation with lot 99. Viscosity reduction
obtained with the wax-treated material was considered adequate and because
of its simplicity was selected over AP treatment, Por lot 97, significant
improvements in solide loading over lot 99 could be made at lcadings up
tc 19-percent IMH-2., Thie viscosity variance observed batween LMH-2 lots
becomes increasingly significant as higher density LMH-2 propellants are
sought. Control of the IMH-2 lot variance is discussed in detail in
Section IV,

The dacrease of viscosity with increasing mix temperature
i3 illustrated in Figure 44 for the VIX and VJA formulations. This same
trend was cpparent for all formulations and, as a result, elevated mixing
cycles were emplcoyed. To determine the limit to which an elevated tempera-
ture cycle could be used, & pot-life study was run on the VJL formulation.
Results obtained are listed in th: following tabulation:

Mix Tempersture (°¥}  Mixing Time (min)  Viscosity @ 3 rpm (cps)

110 13 160,000
106 43 293,000
111 68 » 333,000

From the pot-life study it ie ammt & definite tradeoff
exists bhetweer viscosity, mixing tesperaturs, and wixing time. For the
15PC castings, = progreseive tuporatun mix cycle wes used with the final
15 min of a 45-min cycle at 100F to 110° P,

>
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Figure 45 shows viscosity as & function of shear rate for
the VIZ and VIL formulations showing the typical thixotropic naturs of
LMH-2 formmulatious. To taks advantage of this effect, zll formu‘ations
were cast through the bottom dump valve of the mixer with the agitator
rotating at 6 to 8 rpm. ¥For the thicker mixes, some vibrstion was also
applied to the mixing bowl.

C. BAILISTIC TESTING

1. Motor Design Studies
&. Grain Des

..The besic motor configuration selected for motor firings on
the Task II effort was the 15FC (ncminal 15PC for a propellant density of
0.062 1b/in.3). This motor was designed and developed under Contract
AP 04(611)-9062 (Be/Taz).

The (5PC motor gave excellent results with VCP propellant;
however, only a limited mass-flow range was covered ( > 6 1b/sec). This
range was extended under Contract AF 04(694)-127 to approximately 5 1b/sec.
With this background, it was felt necessary to keep mass-flow rates on the
curreat program above 5 lb/sec. Because of this requirement, coupled with
anticipated low burning rates snd low densities, it was necessary to modify
the basic grain design. In reviewing new grain designs the following items
were considered as desirable:

(1) XNo major alterations to existing hardware from
implementaticu of the design

(2) A neutrs! pressure-tims trace
(3) A minimum chsnce for propallant sliver at burnout

{4) A maximum propellant weight of 15 1b with VC?
propellant

(5) Ease of propellant consolidation

It was decided to use a cylindrical, center-perforataed grain with the
standard 15PC {nhibitor in order to maximize the use of existing hardware
and minimize slivering.

In order for tive initial burning surface {5i) to equal the
fisal buruing surface (Sf) for a csnter-perforated grain burning on both
ends and the center core, the length (L) sust equel 1.5 x 0D + 0.5 x ID of
the grala. Tos larger the web, the less neutrsl the burning surface is
betwean 21 and Sf. Conversely, a smal]l ved mesns 8 long grain and more
difiicult consviidation of high-visccsity wixes.
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Pigure 46 shows a plot of grain design parameters for &
single grain. 7The present 15PC ‘esign, which will be used for many cf the
rirings, is almost on the intersection of the line where Si = Sf and the
line where propellant weight is 153 1b for VCP propellant. In order to
maintain the 5 1b/sec mass~flow rate with s ressonable wed thickness, grain
length must be increased st a cousiderable loss of neutrality. However, a
single grain wvas selected from this grid which should prowide a good compro-
wise design. This griin (Mod-1 design) was 14 in. long vwith a web of 1.0 in.
Although slightly progressive, it will msintain mass flows of 5 1b/sec down
to burning rates of 0.45 in./sec and densities of 0.047 1b/in.3.

It was expected that rates somewhat lower than 0.45 in./sec
might be observed. Por these tests, a single grain is =not suitaole, so a
two-grain concept was reviewed. Figure 47 shows a plot of grain design
parameters for a double grain, In ordur to avoid excessive case-bond ar--
and yet accommodate rates as low as 6.3 in./sec, a combined length of 18 in.
was chuscn as a secoud alternate design. This design (Mod-2) is only
slightly regressive. Figure 48 shows the predicted pressure-versus-time
curves for the alternste desizns.

The basic and two alternate grain designs gave a high degree
of flexibility in matching burning rates and density-to-mass-flow rate.
Figure 49 shows the standard 15PC compared with the Mod-2 configuration.
Note the chamber extension added to accommodate the Mod-2 grain. By re-
noval of the chamber extension, the chamber can be used for standard 15PC
firings. igure 50 shows the configuration for the Mod-1 grain design.

b. Residence Tima Effects

Fourteen 15PC firinga were scheduled to study the effect
¢f L* on efficiency. The standard 15PC sotor with VCP at K of 140 (1000 psi)
has an L* cf 160. 1In order to provide s larger free volume, the same
chamber extenzion made with Mod-2 grain design was employed. By using this
chamber extension and 8 standard grair design (Figure 50), an U* of 400
is achieved with VCP at a K of 140.

c. Optimum Nozzle Geometry Yiriugs

Twelve 15PC firiags were scheduled for evaluation of approach
angle effect on efficiency. Both 15 and 5 dagree approach conc: were re-
quired for these tests. The 15 dagree approach cones were fired in a
standard 15PC altituda . rambor, and the 5 degree spprosch cones were fired
in tbhe high L* chamber. (See Figure 31.) Table XXI comjsres the ballistic
dasign criteria for the various test motors used on this program.

2. Control Prooellant

Control firings of a8 weil-charscterizad, efficlent 3¢ propellant
wre dispersed throughout the motor teating program to provide checks on
data validity. . dditional firines of *he control propellant were a!.sc mage
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STAMDARD 15PC WITH
30° APPROACH CUME

o 1500 1‘.

T4 /177, /////
n|pp=
777872224

15PC wrTH 15°
APPROACH CONE

18,5 IN,————n-

- P

15PC WITH S°
APPROACH CONE

NOZZLE LEIGTH BASED (W
K=140, e=9,57T0 1

Fi0-70,2

Figure 31. Cowparison of 15PC Motor Boxzle Configurations
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% in the nozzle approach contouring and high L* studies to provide a firm
basis for determining the effect of thate motor parametere on motor
efficiency. The control propellant selested was the VCP formulation which
had previously been extensively characterized in 5PC, 15PC, and 4CO-1b
motor firings over a wide pressure range and at high expansion ratios. A
summary of properties for the VCP formulai:ion is presented in Table XXII.

TABLE XXI1
SUMMARY OF PROPERTIN'S FOR VCP

Propellant Type VCP Control Propellant

Formulation (Wt %)

NC

NG

AP

HMX

Be

Res
2-NDPA
TA

[ L -
N SPeR G

rAOO0OO0CO0OS&SO

Theoretical Performance

P Isp(1000/14.7) (sec) 283.0

Tc (°K) 3850.0
Oxidation ratio 1.22

p (1b/in.3) 0.062

3. Beryllium Castings and Firings

A total of 76 Be 15PC motors were cast and 70 were fired. A
summary of the subtask castings and firings is presented in Table XXIII.
All but six of the castings were completed successfully.

Processing problems were observed in manufacturing VIJ (45u AP)
and VIN compositions. Due to thick, highly viscous mixes the compositions
were difficult to cast and consolidate. One grain of each composition was
found to be discrepant because of poor propellant consolidation resulting
from the marginal processibility. One mix of each formulation was also
lost during attemipts to reduce viscosity by use of an elevated temperature
mixing cycle. Later mixes of the VIN formulation were successfully pro-
cessed with 25 percent of the fines removed from the AN.- Careful control
of the heated mix cycle was successful for the completion of the VIJ
(45 AP) castings. N

G g
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TABLE XXIII
= SUMMARY OF Be CASTINGS AND FIRINGS
2 No. No.
Purpose Propellant Type | Grain Design| Castings | Firings
Be efficiency studies vCcp Standard 3 3
Mod-1 3 3
\'2 (] Standard 4 3
VIH Standard 3 3
Vil Mod-1 .3 3
Mod-2 3 3
viJ Standard 4 3
Mod-1 3 3
VIK Standard 3 3
Mod-1 3 k)
VIL Standard 3 3
Mod-1 2 2
Mod-2 1 1
VIN Mod~2 6 4
V10 Mod-1 3 3
Oxidizer particle VIJ (45u AP) Standard 4 2
size VIJ {904 AP) Standard 3 3
’ V13 (180 AP) Mod-1 3 3
Optimum nozzle VCP Standard 4 4
geometry viy Standard 7 7
Increased L¥ VCP Standard 2 2
VII Mod-1 2 2
Characterization vce Standard 2 2
of selected Mod-~2 2 2
propellants
_Total 76 70
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All firings except one were successful. One V1J firing (1M 2-18)
with a 15-degree nozzle approach cone suffered a burnthrough in the forward
end of the motor. The burnthrough resulted from leakage in a pressure

takeoff fitting, which allowed the chamber gasses to escape the forward
end of the motor,

A problem with poor efficiency, resulting in apparent unstable
burning, occurred with the VIN formulation containing AN. Figure 52 shows
p-K-r data based on four VIN firings. As noted, an apparent slope change
occurred in the p-r and p-K curves above 430 psia. This anomalous behavior
is also apparent in a change in the discharge coefficients from 0.0078
sec™! for the low pressure firings to 0.0054 sec”l for the high pressure
firings and is consistent with combuation-bomb data showing AN formulations
to be significantly less efficient than AP or HMX formulations.

Firings made for optimum nozzle studies were observed to have
greater nozzle erosion as the approach angle was reduced. Also VIJ firings

were observed to have greater nozzle erosion than VCP, These results are
shown in Figure 53.

A complete ballistic summary of the individual Be firings is
given in Appendix B (Tables B-3 through B-7).

4. LHM-2 Castings and Firings

A total of twenty-six IMH-2 15PC mixes were made and twenty-four
15PC motors fired for ballistic screening of the six candidate IMH-2 propel-
lants. A summary of the subtask castings and firings is presented in
Table XXIV. As noted, all but two of the mixes resulted in acceptable
grains with mixes containing up to 19-percent LMH-2 at 60-percent-volume
solids loading successfully manufactured. Spec al procedures used for the
IMH-2 castings have been described under laboratory formulation studies.

One V1Y (containing AP-treated IMH-2) mix was not completed
because of an abnormally high viscosity. When the IMH-2 was added to the
solvent for this mix, the resulting material had the consistency of sand.
A laboratory evaluation of the remaining AP-treated IMH-2 used for this
mix was made and found to also give extremely high viscosities. A check
of the process cycle showed the AP-treated material was allowed to stand
for approximately 3 days in an alcdhol slurry before stripping. It is
believed that the IMH-2 and AP rearranged to give an abnormally low bulk
density, resulting in the higher mix viscosity. Because of the higher
delivered impulse obtained with initial firings of wax-treated IMH-2 in the
VIY formulation, a wax-treated casting was substituted for the final AP-
treated casting. The first VJL mix was also uncastable. The resultant
mix was extremely tacky, indicating the pot life had been exceeded. Better
mixing action of the larger mixer, coupled with the elevated temperature,
appears to have resulted in a shorter pot life than was experienced in the
laboratory. The remaining VJL grains were cast at a lower temperature
and with a shorter elevated temperature mix cycle,
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TABLE XXIV &
SUMMARY OF IMH-2 CASTINGS AND FIRINGS 3
No. No. ;
Purpose Propeilant Type | Grain Design | Castings Firings .
Increased L* VIY (wax- Standard | 5 5 1
treated IMH-2) ' 4
VIY (AP-treated Standard 5 4 ,1
LMH- 2) :
LMH-2/AP VIX Standard 3 3 E
Propellants Viz Standard 3 3 %g
IMH-2 /HMX VA Mod-1 3 3
? Propellants ' E:
. VJI Standard 3 3 2
o 1.
VJL Standard 4 3
Final VJA Standard 3 3
Characterization Mod-1 3 3
V1Y Standard 5 5
Total ) , 37 35
?4
%
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All IMH-2 firings were cuccessful. Figure 54 shcws a typical
pressure-time curve for the VIY f¢rmulation. A complete ballistic summary
of the individual firings is given in Appendix B (Tables B-8 through B-10),
and a detailed analysis of the resulting data is given in Section II.

A summary of performance data obtained from the bailistic screening firings
made at high L* velues with wax-treated IMH-2 is contained in the following
tabulation:

Formulation VIX VY v1z via v WL
Percent IMH-2 15 17 19 15 17, 17
Oxidizer AP AP AP HMX HMX AP/HMX

Isp (1000/14.7) 303.7 308.9 313.8 | 309.3 314.0 312.7

Tc (%K) 3678 3679 3672 3621 3623 3614
0.R, 1.3 1.22 1.11 1.15 1.06 1.08
p (gm/cc) 0.049  0.0477  0.0464  0.049  0.0477 . 0.0476
Efficiency 92.24  91.01  89.81 90.83  86.37 88.57
15 .
151500 280.1  281.1  281.8 280.9  271.2 277.0

As shown, the first four formulations all exceeded the target
impulse goal. Based on thesc data the VJA and VIY formulations were chosen
for the finmal characterization firings. VJA has the highest impulse-density
and lowest burn rate. VIY offers almost equivalent performance with some
advantage in wechanical properties.

5. Characterization of Selected Propellants

Five 15PC castings and firings of VIY and six 15PC castings and
firings of VJA were ma to further characterize these formulations. Four
15PC VCP control firing. were also made., Ballistic data from individual
firings are summarized in Appendix B (Tables B-11 and B-12), Analysis of
the data is given in Section II,

Figures 55 and 56 show the resulting p-K~-r data for VIY and VJA,
respectively. The VIY formulation gave a burning rate of 0.97 in./sec
at 1000 psia with a pressure exponent of 0.332. VJA gave a burning rate
of 0.77 in./sec at 1000 psia with a pressure exponecnrt at 0.485.

6. Explosive Clagsification

Phase I testing of "Military Explosive Hazard Clasrification
Procedure" was performed on VIY and VJA. The results are presented in
Table XXV, These tests indicate VIY and VJA are TCC Class A explosives.
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Figure 55. Burning Rate and K as a Function of
Chamber Pressure for Viy
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Figure 56. Burning Rate and K as a Function of
Chamber Pressure for VJA

112

vUNFIDENTIAL




-

T T e —

Bé:
p:%
v b '
i

.

-

]
7
ufd
¥
3

SRR

e

R S

5

el
SRR

FICETIvN

A AR AT 3 e

g

L LaRae R g

»

MIVITARY EXPLOSIVE HAZARD CLASSIFICATION RESULTS

CONFIDENTIAL

TABLE XXV

Test vViy VJA
Detonation Test
(1) No., 8 blasting cap Detonated No. detonation

(2) No. 8 blasting cap
Ignition and Unconfined
Burning

(1) One 1-in. cube
(2) One 2-in. cube
(3) One 2-in. cube

(4) Four 2-in. cubes

Thermal Stability

(1) One 1l-in. cube,
48 hr @ 75° ¢

Impact Sensitivity

(1) 20 tests without
ignition, 2 kg wt

Differentiai Thermal
Analys 3

(1) 20 mg sample,
temp at which
exothermic
reaction of sample
occurs

Burned without
detonation

Burned without
detonation

Burned without
detonation

Burned without
detonation

No ignition

21 cm

175° ¢

Detonated

Burned without
detonation

Burned without
detonation

Burned without
detonation

Burned without
detonation

No igrition

21 em

182° ¢
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SECTION IV
TASK III, ADVANCED CONCEPTS
A, SCOPE

The objective of Task III was to use advanced formulation or motor
techniques to study and improve IMH-2 combustion., Six IMH-2, two Be, and
one Al 5PC motors were fired. The experiments in this task were designed
to evaluate the effect of the propellant combustion mode on performance.
ihe task included the following three major areas of effort:.

(1) Characterization of IMH-2
(2) Modification of LMH-2
(3) Fluorine addition

B. BACKGROUND

Based on the Task I correlations and theoretical calculations, two
means of promoting higher efficiencies for IMH-2 propellants were originally
selected for investigation under this task. The correlations showed that
both decreasing the AP particle size and grinding IMH-2 would increase
IMH-2 propellant efficiencies. This led to th: belief that more intimate
contact between the oxidizer and fuel might leau to additional performance
gains. One means investi%ated was the pressing of IMH-2/AP binary aixtures.
Work in the first quarter 2 showed pressing to be unattractive because of
the poor physical properties of the pressed material and the corresponding
high pressures required for consolidation. Another means of achieving
irtimate contact, developed under independent research and develowtent
funding, was the recrystallization of IMH-2/AP from an AP-saturatod water
dispersion. Initial attempts at incorporating the AP-trecated material in
propellant showed a marked improvement in processibility over "as received"
IMH-2, As a result, emphasis was transferred from pressing LMH-2/AP
mixtures to AP treatment of LMH-2. Other methods of surface treating IMH-2
were also investigated.

In addition to more intimate contact to improve IMH-2 performance,
theoretical calculaticns showed that in IMH-? fluorine systems, significant
amounts of BeF, gas are formed, which may improve thrust efficiency by re-
ducing particle lag effects. The possibility also exists that a fluorine
environment may improve IMH-2 combustion efficiency. To study these
possibilities, means of introducing fluorine into IMH-2 propellants were
investigated.

12Refer to List of References
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To provide support to Tasks I1 and III efforts, a limited amount of
work was also scheduled to characterize the chemical and physical properties
of IMH-2 being used on this and associated contracts., However, because of
difficulties experienced with variable processing 2nd apparent incompati-
bility problems with IMH-2, extensive laboratory work was required to
develop adequate posttreatments to control processibility and eliminate
porosity.

%,
2
7
&
i
%

C. CHARACTERIZATION AND MGDIFICATION OF IMH-2

1, Background

From previous work by Hercules and other propellant formulators,
problems were anticipated with the processibility of formulations containing
high IMH-2 loadings and with the tendency of certain "as received" IMH-2
lots to produce gassing und porous grains during cure.

The poor processing characteristics of IMH-2 propellants had
generally been attributed to the low bulk density of the as=produced LMH-2
(approximately 44 percent of the true density), an unfavorable rarticle
shape, and possibly surface anomalies, Grinding of IMH-2 gcner ly improved
processibility although exceptions for some lots were observed. The improved
processibility of the ground material could be related to an improvement
in bulk density and perticle shape. Propellant gassing had been observed

‘? for certain IMH-2 lots in double~base propellant hy both Hercules and “he
Atlanti~ Research Corpcration (ARC). No explan. n fov the gassin~
apparen., although various test methods for prio. creening of .M . iots
had bezn developed by ARC, An elev:-ed temperature and vacuum cycle had
becen u-ed with some success at Herc .:s to eliminate gassing.

Since the present production of IMH-2 is confined to 5-1b batches,
differerces in the IMH-2 purity level, percentages of the various contami-
nants, and the rheological properties between lots were anticipated on this
program. Prior to the shipment of major quantities of IMH-2, several small
samples of IMH-2 lots having a wide range of impurities were requested from
the Ethyl Corporation. It was hoped evaluation of these samples would pro-
vide a clue to the reasons for gassing and suhs:quently lead to the develop-
ment of an adequate posttreatment. Im addition, samples were requested
both unground and ground. The samples were evaluated as foilows:

(a) Ungrouni
(b) Ground (ball milled by the Ethyl Corporation for 15 min)
(¢) Unground and evacuated 4 hr at 100° C

(d) Ground and evacuated &4 to 8 hr at 100° C

# a2

An analysis of the IMH-2 lots tested is presented in Table XXVI.
The samples were incorporated into an IMH-2 formulation cont. ining 12-percent

¥
¥
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E
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IMH-2 with 57-percent-volume-sclids loading. Ten-gram mixes were cast and
cured. All of these samples showed varying degrees ¢f porosity when cured
at 140° F for 3 days or longer. Hkowever, four different lots cured at a
lower temperature (120° F) showed no porosity with this formulation. Esti-
mated viscosities for these mixes ranged from 40,000 to 300,000 centipoises
with no apparent correlation between viscosity and porosity. This indicated
high viscosities, and resulting poor deaeration was probably nct the cause
of the porosity. A cowparison of viscosities from mixes containing ground
versus unground lots showed improvement in processing for only certain lots;

however, where no improvement was obtained, photomicrcgtaphs of the LMH-2
indicated incomplete grinding.

Based on the results of tbe above mixes, a second series of mixes
was made with a formulation containing 8-percent IMH-2 which had a con-
siderably lower viscosity to eliminate the possibility of poor deaeration
as a cause of porosity. Using this formulation and curing at 120° F, vecid-
free grains were consistently obtained with vacuum-baked lots.

Because of a limited supply of material, no additional tests were
run with the above lots, and the results shed limited light on the nature of
the gassing problem. However, cure temperatures in excess of 120° F were
shown to be detrimental -'nd all other IMH-2 propellants were cured at 120° F,

Subsequent productiocua lots were requested to be ground for an additicnal
15 min and vacu.m baked for 4 hr at 100° C.

2, Modification of IMH-2

Preliminary studies conducted indicated that processing would be-
come marginal at 15- to l7-percent IMH-2 loadings even at moderate total
sulids loading. A limited amount of work was conducted to determine if
cther p.sttreatments such as an acid or water bath or surfactants would im-
prove pracessing. Neither of these surface treatments improved processing,
and other more drastic methods were sought.

It was postulated that deposition of a surface coating might
improve both the shape factor and surface character of IMH-2. As a result,
preliminaty work was conducted to determine if a surface coating could be
applied. Xt was also suggested that a more intimate contact of oxidizer
with IMH-2 might enhance combusti~n efficiency. Consequently, initial
attempts for surface coating were mude using the primary oxidizer, AP.

a. AP Treating

Attempts were made %o place & surface coating of AP onto

IMH-2 by both temperature recrystallizaticn and crystallization by
evaporation.

In the temperature recrystallization method, a saturated
aquecus solution of AP containing dispersed IMH-2 was heated to 606° C, The
mixture was shaken vigorously to ensure that ail AP had dissolved. The
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mixture was then cooled as rapidly as possjble and suction filtered. The
filter cake was washed twice with Freon-TA" solvent and dried for 16 hr
under vacuum. A l-percent addition of Triton X-100 surfactant was then
applied to the AP-treated IMH-2, and the material was vacuum dried for 16 bhr
at 120° F, The ratio of AP to LMH-2 was controlled by the temperature-
solubility difference of AP in the aqueous solution.

In the crystallization by evaporation method, a labcratory
rotating evaporator (Rinco) was charged with an aqueous AP/IMH-2 dispersicn.
The water was stripped off by heating it at 60° C under 14 mm Hg.

Laboratory batches of the resulting materials were charac-
terized by liquid separation techniques, chemical analysis, particle size
analysis, and photomicroscopy. The AP-treated material was also evaluated
for sensitivity, proceseing, and combustion characteristics.

1) Senmsitivity

Representative rung made by temperature and vacuum
recrystallization are presented in Table XXVII, Sensitivity data show
AP-treated IMH-2 material to be satisfactory for safe handling with impact
values between 40 and 115 cm/2Kg and friction between 10 1b at 6 ft/sec and
40 1b at 8 ft/sec. Sensitivity values show that wax-treated samples are
comparable in seusitivity to AP-treated IMH-2, but i~opropanol-wet material
may be more sensitive to impact and electrostatic discharge. (Refer to
paragraph b. for .discussion on wax treatment.) No sign’ficant difference
in sensitivity resulted from the two different methods of AP-treated IMH-2
preparation.

2) Microscopy

The AP~trcated IMH-2 meteiial was examined with a
polarizing microscope under this contract ind also under an independent
research and development program. The photouicrographs are presented in
Figure 57. Utilizing the birefringence phenomena of AP, the product was
seen to be an agglomerate with the oxidi~e: fosming the center. The IMH-2
particles appeared to be adhered to the surface of the AP crystal. The
size of the agglomeraies appeared to be approximately 75 to 150 microns.

3) Micromerographs

Micromerographs of AP-treated IMH-2 prepared by both
the temperature vecrystallization method and by crystallization through
vacuum evaporation (Rinco method) were t-ken ani are presented in
Figuce 58, The plots show that the particle size distribution was similar
for the two methods, although dissimiiar processing properties in propel-
lants were observed, as discussed in subpara 6). The micromerograph data for
the AP-treated LMH-2 gives a somewhat questionable pictuie of particle size
distribution, since the material tested consicte or free .MH-2, free AP,
and LiH-2 uadhered to AP crystals and, consequently, results in varieble
composition and density,

lAzeotrope of Freon TF and acetcue
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VIEW A, TEMPERATURE RECRYSTALLIZED AP/IMH-2 (100X)

VIEW B, VACUUM CRYSTALLIZED AP/IMH-2 (430X)

’ Figure 57. AP-Treated LMH-2 Under Polarized Light
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4) Liquid Separation

Samples of AP-treated IMH-2 were separated with benzene
into a light fraction ( < 0.88 g/cc) and a heavy fraction ( > 0.88 g/cc).
With the temperat: ¢ .errystallized material, the light fraction contained
approximatcly 98-percent IMH-2, whereas the heavy fraction contained 5- to
8-percent IMH-2, Any IMH-2 in the heavy fraction would have to be adhered
to the AP iu some manner, since the density of IMH-2 is 0.65 g/cc. Based
or the weight and analysis of each fraction, the separaticn indicated that
the AP-treated IMH-2 is primarily free IMH-2 and free AP with only 5 to
10 per~ent of the total IMH-2 adhering to the surface of the' AP, A run was
also made in which the light fractioc. was recycled three times through the
crystallization process, but the final combined product still showed only
approximately 10-percent LHM-2 in the heavy fraction.

5) Chemical Analysis

The AP-treated Lid-? was analyzed for active hydrogen
to determine whether any ILMH-2 decomposition had occurred during the
crystallization process. The analysis showed the treated IMH-2 had the
same active hydrogen content as the untreated IMH-2,

6) Processing Studies

Initial attempts at AP treating consisted of preparing
a material for use in the VIX formulation by temperature recrystallization.
For this formulation the AP-treated material should contain 60.5 percent AP
and 39.5 percent IMH-2, '

Table XXVIII contains a summary of mixes made with both
untreated and treated IMH-2 at approximately 15-percent IMH-2 loadings.
Also presented in Table XXVIII is the composition of the various AP-treated
IMH-2 runs used. For mixes using the AP-treated material, it is necessary
to either adjust them to the exact formulation by adding AP or IMH-2 or to
have them suffer some compositional variance. Of particular interest in
Table XXVIII is the comparison between the 300-gm mixes--83-2 using unt—eated
IMH-2 and 83-31 using AP-treated IMH-2, As indicated, both viscosity and
flow properties were markedly improved with the treated material. Figure 59
shows viscosity #=< a function of shear rate for these two mixes. This same
marked improvemeni In processing was observed at higher IMH-2 loadings and
with all IMH-2 lots investigated.

Only a limited amount of AP-treated material was pre-
pared by vacuum crystallization. These samples failed to show the same
process improvements as obtained by temperature recrystallization, and this
method was eliminated from further consideration. The lack of improvement
in processing was not sufficiently explored to allow a valid explanation to
be made for this anomaly.

Based on the results of processing, liquid separation,
and microscopy studies with the temperature recrystallized material it
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appears the improvements in processing are due to a general improvement in
packing and particle shape.

7) Closed Bomb Studies

Combustion bomb, window bomb, and heat of explosion
tests were conducted on VIX and VIY formulations containing AP-treated LMH-2
and compared to those with untreated IMH-2, These results have been pre-
viously given in Teble IX and show propellants made with the AP-treated
material to be slightly less efficient, contrary to expectatioms. This
lower efficiency was later confirmed in mctor firings at low: L* values, but
at high L* values there was no significant difference in efficiency between
AP-treated and non-treated IMH-2., The reasons for the lower efficiency are
not readily apparent.

b, Wax Coating Studies

Coating IMH-2 with a wax obtained from Consclidated Electro-
dynamics Corporation was also found to improve propellant processing of
IMH-2 propellants. Wax coatings were applied to IMH-2 in which the weight
percent of wax on IMH-2 was varied from 0,01 to 10.0 percent. Optimum wax
content for best processing with "as received" IMH-2 was found to be
1 percent at the 17-percent IMH-2 level.

zv As-received IMk- 2 and vacuum-baked IMH-2 were wax coated by
«» the addition of an acetone-isopropanol solution of the wax, calculated to
give the desired percent of wax after the solvent was stripped off. Extended
heated vacuum drying times were required to completely remove all traces of
solvent which, when present, caused premature gelation of the nitrocellulose
and exceéssively high mix viscosities. As the wax became coated on the IMH-2
3 surface, a hard outer shell formed that trappéd some process solvent, causing
j, solvent removal to be difficult, Heated vacuum drying removed the last
traces of acetone-isopropanol solvent.

W : Figures 60 and 61 show a comparison of the effects of wax

: treating:and AP treating for two IMH-2 lots in the VIY formulation., As

; shown, the wax treatment reduced the viscosity by approximately a factor of
v two, whereas the AP treatment reduced viscosity by a factor of three. The
4 viscosity reduction achieved with the waxed material was sufficient to
allow incorporation with up to 19-percent LMH-2,

3. Final Characterization

Five different IMH-2 lots were received for formulation and motor
evaluation on this program. Lot designations and quantities were as follows:

IMH-2 Lot Quantity (1lb)
90A S
93 20
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IMH-2 Lot (Cont) Quaniity (1b) (Cont)

96 24
97 20
99 40

In addition, data was available on lots 95 and 95A from motor
evaluation work »n Contract AF 04(611)-10742 and on lot 275-7 from a previous
IR & D program. Data obtained from testing of these lots is. included to
provide added information on LMH-2 characterization. Table XXIX summarizes
analyses of these lots, and Figure 62 shows the particle size analysis by
micrerer-graph. The analyses provided by the Ethyl Corporation were run
prior to grinding and the 4-hr vacuum bake cycle, All of the lots except lot
95 were ball milled for 30 min. Table XXX contains results of evaluation
of these lots with the various candidate IMH-2 formuiations. This compari-
gson stows gross differences between lots as to processibility and the extent
of the posttreatment required to eliminate porosity. The posttreatments
shown are in addition to the 4-hr initial vacuum-bake cycle given all lots
by the Ethyl Corporation. Xn addition, there was a significant difference
in the posttreatment requii:d for formulations containing HMX (VJA, VJI) with
porosity in these formulatic.s being more severe. As shown for lot 275-7,
no additional posttreatment was required. For lots 90A and 93, a 4-hr bake
cycle coupled with the wax or AP treatments was sufficient to eliminate
porosity in the AP systems but not for the HMX propellants. For lots 95,
95A, 96, and 97, a 16-hr bake cycle was sufficien: to eliminate porosity in
both the AP and HMX propellants, However, lot 99 required an extended 32-hr
vacuum-bake cycle for AP propellants and a water-wash cycle for the HMX
systems. In general, the auxilliary wax and AP treatments reduced the
amount ot time required for the bake cycle, possibly because of the solvent
action or the vacuum stripping operation.

Laboratory mixc . of VIX, VIZ (AP systems), and VJI (HMX systems)
méde to evaluate lot 99 are summarized in Table XXXI. The initial evaluation
was made with lot 99 vacuum baked for 16 hr at 100° C and wax treated. How-
ever, wixes 38 through 44 showed that porous grains were obtained in all
three formulations with this posttreatment. A series of mixes was then
made in which lot 99 was given an elevated temperature and extended baking
cyzle or a water-wash cycle. The results obtained (Table XXXI) show that
nonporous grains in the IMH-2/AP system were produced with a 32-hr, 120° C
bake cycle with both a 3-mm-Hg and 40-mm-Hg propellant evacuation cycle.
Although nonporous at 3 mm Hg, the LMH-2 propellant (VJI) was porous at
40 mm Hg. (The 40-mm Hg evacuation cycle is necessary to prevent foaming
during the pilot piant mix cycle.) To eliminate the VJI porosity at 40 mm Hg,
lot 99 was given a water-wash cycle. Results obtained using the water-washed .
material shcw a 1/2-hr contact time at room temperature was adequate to
c¢liminate porosity for VIX with a 3-mm-Hg evacuation cycle, whereas a 16-hr
contact time was necessary for VJI at 3 and 40 mm Hg. Using the extended
and elevated temperature vacuum-bake cycle for VIZ and the water-wash cycle
for VJI, nonporous 15PC castings were consistently produced.
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A study was also conducted on the desorption of gas by IMH-2 under
vacuum. This study was initiated because of the large volume increase ex-
perienced with propellants during the pot deaeration vacuum cycle. Volume
increases of as much as 400 percent were observed.

This large volume increase presented a problem with the pilot-plant
mixer which had a free-board limited to approximately 150 percent. It was
also felt that the precure gassing might be related to the porous grain
problem, As a consequence, a series of tests was run in which various
IMH-2 lots were exposed to solvent under vacuum conditions. Results of
these tests are summarized in Table XXXII, The test method consisted of
placing 50 gm of preevacuated solvent and 12 gm of IMH-2 in a slurry in a
vacuum bell jar. Vacuum was then applied and the volume increase observed
visually.

In Run No. 1 (Table XXXII) a full vacuum of 4 mm Hg was applied
for a period of 40 min to lots 95A and 96 with various posttreatments. A
significant volume increase occurred with all samples tested which were
exposed to NG solvent. The water-washed lot 95A showed a volume increase
of 400 percent, whereas the wax- and AP-treated material both howed
approximately 100-percent increases. Lots 95A and 96, with extended baking
cycles, showed volume increases intermediate to these extremes., Visual
cbservation of these tests indicated the volume change was the result of gas
liberation coupled with a thick (high surface tension) layer of LMH-2 tapping
the gas during expansion. Estimates of the volume of gas liberated were
made from the volume increases, but this volume could be considerably lower
than the actual amount because of gas loss through the film. It was also
noted in Run No. 1 that IMH-2 exposed to TA showed no gas evolution,

Because of the apparent solvent differences, a compatibility
problem between IMH-2 and NG was indicated. Micro tests were conducted to
collect and analyze the off gases by gas chromatography. The resulting
analysis showed only air was libcrated.

Two additional runs were made (Table XXXII) in which the vacuum
was incrementally decreased beginning at 40 mm Hg tc see if the amount of
air liberated was pressure dependent. None of the materials tested, with
the exception of the two "as received" lots, showed any desorptior above
20 mm Hg, Possibly, because of the nature of the test, the amount of gas
desorbed with a given material was only partially pressure dependent.

Only limited conclusions can be made from the above tests; how-
ever, it has been shown that significant amounts of adsorbed air were
liberated from LMH-2 under certain conditions. The data in Table XXXII show
that between 1 and 8 cc of gas per 100 gm LMH-2 at standard conditions were
liberated, depending on the various IMH-2 lot or posttreatment. To obtain
more quantitative results, the Ethyl Corporation was contacted, which re-
ported approx:mately 1l cc of air were desorbed from lot 95A under vacuum
at room temperature. To determine the effect of noc removing the adsorbed
air on cured propellant, FIQ mixes were made at both Bacchus and ABL with
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evacuation cycles at 40 mm Hg, The ABL mix vas made entirely under vacuum.
The Bacchus mix was pot deaerated only prior to casting, The ABL mix was
nonporous, and the Bacchus mix showed slight porosity (mix 95-1), which
could have resulted from a larger amount of air entrapped during mixing.
Both mixes used lot 95A baked for 16 hr, Based on these results, it is
questionable whether the porous grain problem is related directly to
desorbed air. Additional quantitative work is recommended to determine the
amount of adsorbed air present between lots and with various posttreatments.

In an attempt to further define the apparent incompatibility
problem, an analysis was made of the gases evolved during cyre from propel-
lants containing IMH-2 (lot 99). Analysis of these gases above propellants
containing HMX or AP and unbaked IMH-2 showed 500 percent more nitrous oxide
and nitric oxide than was found in the same propellant with baked IMH-2,
Hydrogen was present in all of the gas samples; however, there did not
appear to be a correlation between the concentration of hydrogen and porosity.

Analysis of lot 99 IMH-2 before and after vacuum baking showed that
in addition to the adsorbed air of the material being lowered the water
content was also decreased 50 percent. The analysis also showed that this
particular sample contained above average concentrations of Be chlorides and
alkoxides.

Previous experience with various chlorides had shown that they
were incompatible with double-base propellants and that water catalyzed the
incompatibility., Therefore, a study was initiated to determine if Be
chloride and also Be alkoxides were incompatible with double-base propellants
or some particular ingredient and if water catalyzed the incorpatibility.
The test utilized was a microcompatibility test, which consisted of heating
the test material with some propellant ingred:eat and/or double-base pro-
pellant at 135° C for 30 min. The gases generated were then analyzed for
the presence of decomposition gases. HMX was chosen as the propellant
ingredient to test the various compounds against for two reasons: (a) HMX
formulations were generally more porous than AP formulations, and (b) HMX
alone does not thermally decompose at 135° C in 30 min. The results of this
investigation are summarized in the following tabulation:

Ccs/em

Test Compound €02 Np0 N2 NO NO,
Be Ethoxide 1.0 3.3 Trace 0.0 0.0
BeCl, 1.0 2.3 0.3 15.9 2.2
Be Methoxide 1.0 26.5 14.2 0.0 3.0
LMH-2 unbaked Trace 0.2 1.6 0.0 0.0
IMH-2 vacuum baked Trace 0.2 1.6 0.0 0.0

with water added
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As was shown by this data, Be chloride and Be alkoxides were to
a degree incompatible with HMX, This data also showed that the vacumm-baked
IMH-2 with water added to its original concentration generated as much gas
as the unbaked IMH-2, It was, therefore, very likely that porosity in
IMH~2 propellants was in part due to Be chloride and Be alkoxides.

Of the various lots evaluated there was no apparent trend in con-
taminants with the observed porosity. However, since the majority of the
lots evaluated were composite blends of several pyrolysis runs of varying
chemical content, it is likely any trend would be obscured. To overcome
this difficulty, several samples of individual pyrolysis runs were »btained
from the Fthyl Corporation for evaluation, In Table XXXIII an analysis of
these samples is presented. All samples were grounc 30 min and given a
4=hr vacuum-bake cycle by the Ethyl Corporation. The samples were subse-
quently vacuum baked 16 hr at 100° C, wax treated at Bacchus, and incor-
porated in the VIX formulation. All mixes were split into two samples;
one was evacuated at 40 mm Hg and one at 3 mm Hg to determine if adsorbed
alr was a factor. Results of these analyses are presented in Table XXXIV,

Only one sample (357-8) gave serious gassing at 3 mm Hg. This

sample had both a high chloride and alkoxide content. (Refer to Table XXXIV.)
Several of the other samples showed some porosity with the 40-mm Hg evacua-
tion. This problem is suspected to be due to adsorbed air. There is a
definite trend in porosity with the 40-mm lg evacuation cycle for those

‘ samples showing the largest specific surface area and smallest particle
size distribution as would be susiected if adsorbed air were a problem.
Additional tests are needed to isolate the apparent incompatibility from
adsorbed air and to confirm the source of the incompatibility.

Insight into the lot-to-lot variation in processibility can also
be obtained from individval IMH-2 pyrolysis runs. A comparison of viscosity
with bulk density, speciilc surface area, and particle size is presented in
Table XXXV. Also presented for comparison purposes are lots 93, 954, and
99, which show extremes in processibility. There was no clear trend
apparent of viscosity with either specific surface or particle size. How-
ever, Figure 63 shows bulk density of wax-treated material appears to
significantly influence processibility. Limited data on as-received IMH-2
indicates factors other than bulk density can drastically alter processi-
bility. These results indicate wax treating may alter the surface character
of IMH-2, possibly by filling surface defects, and render the particle more
rheologically predictable., Additional studies are needed to further define
the process behavior of LMH-2 in plastisol propellants.

D. FLUORINE ADDITION

1. Formulation Screening

There is some basis for believing introduction of fluorine into
IMH-2 propellants could improve impulse efficiency. The fluorine environ-
ment in itself may improve combustion efficiency, and the formation of
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TABLE XXXV

COMPARISON OF VISCOSITY WITH PHYSICAL DATA FOR LMH-2 SAMPLES

Bulk Demsity*|Bulk Density®! Specific
Viscosity|(as received)| (waxed) Surfgce Area*|Particle Size¥*
IMi-2 Lot (cps) (gm/cz) (gm/cc) (H!/m) ()
B357-8 | -- 0.35 -- 2.25 19
Waxed 95,000 0.36 .
3362-5 -- -- -- 1.32 23
| Waxed 7a_,doo 0.36
B383-5 - - -- 1.51 20
Waxzed | 110,000 --
B386-7 -- " 2.94 18
Waxed | 100,000 .-
B388-91 .- .- 1.81 21
Waxed 77,000 0.36
B403-7 .- ~- 1.60 22
Waxed | 133,000 0.33
B414-6 ~e -- 1.61 21
Waxed | 143,000 0.35
Lot 23 120,000 0.40 -- 12
Waxed 58,000 0.39
Lot 95A | 38,000 0.41 1.59 28
Waxed -~ .-
Lot 99 123,000 0.39 1.84
Waxed 70,000 -- 0.37 --

*Analysis performed at Bacchus
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significant smounts of the gaseous metal fluoride shkould reduce particle lag
effects. Several means were investigated to incorporate fluorine into an
IMH-2 system. The use of the high erergy "Dcwino” compounds was not within
‘the scope of this program, although this would be the most desirable approach.
Pressed propellants containing IMH-2/AP and Teflon were investigated experi-
mentally. Because of high compaction pressures required for consolidation,
this approach also appeared undesirable at this time. Direct addition of
Teflon was not possible because of the low contact angle of Teflon and
corresponding propellant segregation. The most promising method investigated
was the direct addition of low-molecular-weight Viton-IM. Initial formula-
tion work indicated it was possible to incorporate up to 20-percent-by-weight
Viton-IM in double-base propellants while maintaining adequate physical
properties, Table XXXVI summarizes theoretical calculations performed on

Al, Be, and IMH-2 propellants containing Viton-IM. As shown, at 16- to

20-percent Viton levels, significant amourts of metal fluorides are formed
with all three metal fuels,

Because the Viton-IM is a highly viscous themoplastic, a temp-
erature of approximately 140° F was required to achieve initial dispersion
of the Viton-IM in NG, After dispersion of the Viton-IM the temperarure
could be lowered to approximately 115° F and the mix completed while
maintaining a good dispersion. At temperatures much below 115° F, separa-
tion occurred. However, at 115° F a serious pot-life problem existed and
mix cycles had to be carefully controlled,

Formulation studies showed the following propellants could be
processed sdequately:

Propellant Type YIE VJF vJG

Formulation (wt %)

NC 10.0 10.0 10.C
NG 32,5 40.0 45.0
IMH-2 - .- 15.0
Be .- 12.0 --
Al 18.0 -- --

Viton-IM 20.0 20.0 18.0

AP 17.5(90 i) 16.0(90 ) 10.5(90 )
Res 1.0 1.0 0.5

2-40PA 1.0 1.0 1.0

142
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Propellant Type (Cont) VJE (Cont) VJF_(Cont) VJIG (Cont)

Theoretical
Isp (1000/14.7) 25647 276.2 296.5
P (gm/cc) 1.811 1.696 1.294
Tc (%K) 3465 3633 3218
Oxidation ratio 1.12 1.032 < 1,017
MeO* moles/100 gm 0.292 1.034 1.058
MeF* : 0.068 0.265 0.257

*Concentration of primary metal oxides and metal fluorides at exit
conditions.

Pertinent propellant data for these formulations is presented in
Table XXXVII.

2. PFirings - Task II1

The six 5PC grains containing Viton-IM were successfully cast
and fired. Table XXXVIII summarizes ballistic data obtained from these
firings. Table XXXIX summarizes ballistic data obtained from three SPC
firings of VIX used as the control formulation. A summery of pertinent
data from thege firings is presented in the following tabuiation:

Formulation yix VIE WAL WAL
Al -- 18.0 -- --
Be . 12.0 --
IME-2 15.0 -- -- 15.0
Viton iM - 20.0 20.0 18.0

Te (°K) 3678 33 3633 3218

Oxidation Ratio (witk Fluorine) .- 1.12 1.03 1.02

Oxidation Ratrio (Oxygen only) 1.36 9.8 0.91 0.91
MeO* 1.25 0.292 1.034 1.058

MaPh -~ 0.068 0.265 0.257

*Concentration of primary w:*al oxide and metal fluorides at exit
conditions
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TABLE XXXVII

VITON-LM FORMULATION DATA

Propellant Type VJE wr VJG

Process Date
Viscosity (cps @ °F) 10,600 @ 106 | 24,642 @ 114 | 76,360 @ 113
Castability time (max) 35 - 45 min 35 - 45 min 30 - 40 win

Sensitivity Data*

Impact (cm/2kg) 3.5 (26) 6.9 (33) 3.5 (33)
Sliding friction (lbg @ 88 @8 23 @ 8 ' 156 @ 8
ft/sec) (790 @ &) (200 @ 8) (500 @ 8)
Electrostatic discharge 1.25 (0.625) 0.075 {0.625) | 0.625 (0.625)
(joules)
Autoignition (°C) 226 (245) 210 (212) 219 (223)
Differential thermal o 173 (169) 171 (166) 171 (170)
analysis, ignition ( () .
Taliani (AP m @ 93.3%C/ |10 (4) 6 (16) 12 (5)
23 hr)

Ballistic Data

Strand Rates

500 psi 0.334 0.332 - 0.338 | 0.541

750 psi 0.434 0.474 - 0.477 | 0.568 - 0.576

1000 psi 0.541 0.560 - 0.566 ! 0.614 - 0.615 I
1500 psi -- ' -- --

Physical Properties (instron
Uniaxial Properties)

Tensile strength (psi) 36 27 --

Blongation (%) 3.1 30.5 .- é
i Modulus of elasticity (pei)|18% 112 .-
, ' #Pirst No. is for uncured propellant; No. in parenthesis is for cured pro-
; pellant
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i VIX VJE VJF VJG
Formulation (Cont) {Cont) (Cont) _{Comt) -(Cont)
fh (1b/sec) 3.8 1.5 1.9 1.7
Efficiency 90.47 89.10 85.43 84.78
Efficiency Adjustedi® 86.9 89.4  85.3  84.8

*kAdjusted to a mass flow rate of 1.7 lb/secv

As shown, the efficiencies of the Be and IMH-2 fluorine systems
were approximately 85 percent. A direct comparison between the fluorine
propellants and VIX is not possible because of widely varying mass-flow
rates. However, by use of the VCP scaling curve a comparison is possible.
Figure 64 shows efficiency as a function of mass-flow rate for VCP in 5PC,
15PC, and FPC motors. Superimposed on this scaling curve are the VIX 5PC
and 15PC firings. As shown, VIX appears to fit the curve, and an estimate
of the efficiency of VIX at mass-flow rates comparable to the Viton firings
can be made. This comparison shows that VIX is approximately 2 percent more
efficient than the VJF or VIJG formulations. However, the 15PC firings of
the low-oxidation-ratio VJI propellant were 6 percent below VIX. (Refer to
Section II,) It should be noted that both VJF and VJG had oxidation ratios
(including fluorine) well below VJI, and thus some improvement in efficiency
could be attributed to the use of fluorine in Be or LMH-2 systems.

Figure 64 also shows the VCP scaling curve correlates 5PC data
for the efficient aluminum propellant, DDP. Using the scaling curve as a
basis for comparison for the Al/fluorine system indicates an increase in
efficiency was also obtained over DDP,

It is also interesting to note at this time that recent data re-
ported by ARC (1966 ICPRG Bulletin) in which a formulation containing IMH-2/
TVOPA/NFPA with an oxidation ratio (including fluorine) of 0.98 gave an
efficiency of 91 percent in 5PC firings. This data supports the findings
of this program,

Only limited conclusions can be made from the data generated on
this and other programs as to the effect of fluorine substitution. How-
ever, there is a strong indication that fluorine may improve combustion
efficiency at low oxidation ratioa, and additional testing appears warranted.
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TABLE XXXVIII

VITON-IM 5PC FIRINGS .

Propeilant Type VJE VI¥ VJF V3G vJce vJG
Motor Design N5PC NSPC NSPC | NSPC N5PC N5PC
Grain No, $731 8732B | $733B | S739BH |S738BH | S739BH
Firing No. 2-501 | 2-505 | 2-506 | 2-509 |2-507 | 2-508
Propellant wt (1b) | 5.32 4,86 3.46 3.97 3.90 3.92
Powder wt (1b) 0.03 0.03 0.03 0.03 0.02 0.02
K (S/A) 143,3 | 140.6 | 171.0 | 151.0 |180.0 | 181.4
t, (sec) 3.460 |2.603 |S5.152 | 2.516 {2,122 | 2,164
t, (sec) ' 3.047 | 2,243 | 4.483 | 2.387 |2.008 | 2.023
P, (psia) 380 487 351 558 800 300
§£ (psia) 410 518 382 572 823 807
Pmax (psia) 474 630 450 656 938 904
Pamb (psia) 12.32 | 12.41 | 12,29 | 12,26 |12.24 | 12.26
r (in./sec) 0.302 | 0.406 | 0.205 | 0.387 |0.453 | 0.450
f (1b/sec) 1.54 1.87 0.67 1.58 1.84 1.81
Cy (sec~1) 0.00637 | 0.00603| 0.00517]| 0.00479 | 0.00465| 0.00474
« (/M) _ 9.269 | 9.275 | 5.834 | 8.321 [8.129 | 8.388
i; (1by) 313 412 145 378 463 456
Tep del [ 1b -sec 203,9 | 221.3 | 215.3 | 239.8 |252.4 | 252.2
1bm

Theoretical Isp at

firing conditions| 227,9 258.2 249,0 284.6 294.7 294,2
Efficiency 89.46 |85.70 | 86.47 | 84,26 |85.65 | 85.72
Iapigoo 228.0 |[236.7 | 238.8 | 249.8 [254.0 | 254.1
Iap del (c)* 203,0 | 219.8 | 213.5 | 238.3 {251.3 | 251.1
Efficiency (c)* 89.1 85.12 | 85.74 | 83.73 |85.27 | 85.35
Ilpigoo (c)* 226,9 | 235.1 | 236.8 | 248.3 |252.8 | 253.1

*Values corrected for powder embedment

Notes: All efficiency valurs were calculated at the actual firing condi-
tions.
15 15
1.71000 and I8P; 000 (c) values were calculated by multiplying

efficiency times the theoretical Isp at standard conditions.
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TABLE XXXIX

VIX 5PC FIRINGS

fi;éfellmt Type

VIX

VIX

VIX

Motor Design
Grain No.

Firing No.
Propellant wt (1b)
Powder wt (1b)

K (S/A)

ty (sec)

Pamb (psia)
r (in./sec)
@ {(1b/sec)
Cq (sec-1)

« (Ae/At)
P‘ (lbf)

Isp del ( lbf-sec
1bm

Theoretical Isp at
firing conditions
Efficiency
15
I'pIOOO
Isp del (c)*
RBfficiency (c)*

I":goo (c)*

N5PC
§728BH
2-502
3.93
0.v2
111.5

1.003

0.931
928
964

1022
12,17
0.99%
3.92
0.00527

9.758
1087
278.4

306.0
90.98

276.3

277.3
90.62

275.2

N5PC
'8730BH
2-503
3.88
0.03
108.9

1.001
0.928
909
9%1

1010
12.30
0.997
3.88
0.00523

9.537
1045

279.0

305.0
91.48

277.8

277.3
90.92

276.1

N5PC
3729BR
2-504
3.69
0.03
106.4

1.020
0.946
861
895

958
12.28
0.973
3.62
0.00524

9.957
989
275.1

304.0
90.49

274.8

273.2
89.87

272.9

*Values corrected for powder embedment.

Notes:
conditions.

Ivvifm and 1'?5,00 (c) values were calculated by multiplying
efficiency times the theoret{:al Isp at standard conditione.

All efficiency values were calculated at the actusl firing
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ITON PROPELLANTS
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‘ Figure 64, Impulse EBfficiency as a Function of Mass-Flow Rate
for Viton Propellants
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SECTION V
INDUSTRIAL HYGIENE

All persomnel associated with this contract who worked with Be or Be
compounds were examined by the medical department physicians prior to this
assignment and reexamined every 3 months thereafter. There were no sus-
pected exposures, and all personnel were found to be free of symptoms
associated with Be exposure. :

An air-monitoring program was conducted throughout the contract period.
Air samples were obtained at the worker breather zone in ali areas where Be
materials were used on an 8-hr shift basis and analyzed as soon thereafter
as possible. The recommended maximum acceptable concentration for Be was
never exceeded,

A total of 10 air samplers are strategically located at the plant
periphery and operate continually. The samples are not routinely analyzed,
but are stored for future reference. Periodic spot-check analyses have
indicated no charge -in the background level of Be.

A total of 10 air samplers are located off the plant property in
populated areas and are controlled through a telephone network. These
samplers do not operate on a shift or continual basis, but can be activated
through the plant telephone switchboard. The system will be activated in
the event of a fire or explosion in the plant area. The system is acti-
vated at least 1 day per month and checked by the Instrument Calibration
Group personnel,

The l6-meter meteorological tower and the continuous recording equip-
ment (W/D, W/S, AT) are routinely checked and calibrated by the Instrument
Calibration Group personnel. All subscale motor static testing operations
are scheduled with and monitored by the Utah State Health Department. All
test firings are accomplished in the scrubber facility,

All propellant mixing and testing operations involving Be were per-
formed during periods of favorable meteorological conditions. There were -
no unusual incidents during the period of this contract relating to in-
dustrial hygiene problems.

Alr sampling analysis data will be forwarded to AFRPL under separate
cover,
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions reached as a result of work on this contract are: A

(1) Delivered Isp values in excess of the 280 1bf-sec/lbm,

ARPA Project PRINCIPIA gnal, have been achieved at density

levels of 0.046 to 0.049 1b/in.3 in 15PC motors. Allowing

for motor scaling, delivered impulses of 285 1lbf-sec/lbm
E now appear state-of-the-art. These high values were obtained g
by using an energetic binder consisting of 16.4 NC/82.0 NG/ .
1.6 2-NDPA, -

; (2) The 1sp efficiency of hoth Be an' IMH-2 propellants was T
B found to depend on flame temperature, oxidation level (and/or -

metal level), and motor residence time. Highest efficiencies _ A
are obtained by keeping all three of these parameters as = 8
high as possible. p .

o (3) The Isp efficiency of propellants having LMH-2 concentra-

k- \ tions in excess of 15 percent is particularly sensitive to

: oxidation ratio. Agglomerate growth appears tc control the A
combustion efficiency at these high fuel concentrations. .
b The temperature before metal combustion (T*) may be a signi- ‘
4 ficant parameter in determining combustion efficiency.

. (lf) Limited testing indicates that a fluorine environment im- .
proves the combustion efficiency of LMH-2 propellants at '
low-oxidation ratios.

(5) Analyses of "off gases" obtained from propellants during
P cure indicate an incompatibility problem exists between
R one or more LMH-2 zontaminants and plastisol binder ingredi-
! ents. This incompatibility, coupled with desorption of air
from the LMH-2 during cure, is believed responsible for the
low-density grains obtained with some LMH-2 lots.

j; The demonstrated high-performance gains of IMH-2 propellants have not
4 been achieved without some sacrifice in other importsr~ propellant properties.
Some of these are:

(1) The high energy binder results in increased sensitivity and
increased processing heazards as evidenced by the low impact
and friction values obtained for the uncured propellants.
Cured propellants exhibit sensitivity values comparable to
conventional double: “ace propellants, i X

(2) The high energy binder results in higher burning rates

e (0.77 to 0.97 in./sec @ 1000 psi) than are desirable for
.d upper stage applications.
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(3) The volumetric solids loading is currently limited to

60 percent, with a corresponding density penalty.

Baged on these results, the following recommendations are made to
further extend the performance level of LMR-2 propellants and lmprove the
properties of the high performance propellants developed in this program:

(1)

(2)

3

The influence of the propellant environment, as represented
by flame temperature, oxidation ratio, and nonequilibrium
flame temperatures, on combustion and impulse efficiency is
not entirely clear and warrants further investigation.’
Investigation of the effect of mixed wetals in high perform-
ance systems, therefore, appears worthwhile, A demonstra-
tion of motor scaling effects, with close attention to motor
deaign parameters, for high performance propellants of the
VIY type also appears worthwhile at this time.

Further investigation of the effect of fluorine addition to
improve IMH-2 performance efficiency appears worthwhile.

To minimize theoretical performance losses, the direct
addicion of small percentages of TVOPA to double-base pro-
pellants having high theoretical impulses (VJI, VIZ type)
seems a best first approach.

Prior to the scale-up of IMH-2 prupellan*s to larger demon-
straticn motors, additional studies should be performed
which include development of a wider range of available
burniag rates, density improvements, optimization of mechani-
cal properties,  and further development of methods to ensure
uniformity of IMH-2 lots. These studies should be combined
with (1) above,

p
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APPENDIX A

THEORETICAL SPECIFIC IMPULSE CALCULATIONS

Theoretical Isp calculations for IMH-2 and Be containing propellant
systems were made with a variety of binders and oxidizers, Nitrate,
hydrocarbon, and fluorocarbon binders were investigated, Oxidizers in-
cluded ammonium perchlorate (AP), ammonium nitrate (AN), cyclotetramethylene
tetranitramine (HMX), wixtures of AP/HMX, triaminoguani :ine nitrate (TAGN),
and, to a lesser extent, hydrazinium diperchlorate (HDP) and nitronium
perchlorate (NP). 1In addition, additives to improve theoretical LMH-2
combustion included the metals Al, Be, Li, Mg, Si, and Zr and lithium
perchlorate (LIP) and triaminoguanidine azide (TAZ).

A. PRESENTATION OF RESULTS

Since calculations for the most part involve systematic treatment of
three and four variable systems, the results are best presented in tabular
form in Tables A-1 through A-5. Three dimensional grid network graphs
(ternary systems within specified limits of the variables) are also pre-
sented, as are the usual binary systems on a common graph. The tables,
however, show general characteristics of Isp, chamber temperature (T ) and
oxidation ratio (O.R.) and may be used to form many more grid networﬁs and
binary lines for comparison.

B. RESULTS OF THEORETICAL CALCULATIONS

1. Double-Base Systems - IMH-2

Tables A-1 through A-5 represent the IMH-2 calculations performed
with various oxidizers. These oxidizers are AN, AP, HMX, AP/HMX mixtures,
and TAGN. IMH-2, double-base propellants optimize at high Isp values
(315 to 325 sec) but at relatively low temperatures (3600° + 100° K).

Table A-6 illustrates the comparitive results of all oxidizers in the i
10 NC, 50 NG, 1 NDPA, 1 RES, LMH-2 system. The data is presented

in tabular form for more accurate comparisons, Graphical presentation of
these results shows considerable overlapping. The oxidizers are arranged
in the order of their oxidizing potential. For these calculations,

0
oxidation ratio is defined as O.,R. = S + Be

ing element present, If fluorine is also present, O.K. = %-E-%ézl.

Nitronium perchlorate, with the highest oxidizing potential and
a positive heat of formation (+8.0 kcal/mole), produces the high tempera-
tures desirable with LMH-2; however, its incompatibility with double base
and poor combustion characteristics make it an unlikely candidate. The
similarity of HDP and AP with molecular weights in almost cxact 2:1 ratios
accounts for the fact that the impulse results are similar for those two
oxidizers regardless of the binder system.

when oxygen is the only oxidiz-
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Figures A-1, A-2, and A-3 show the basic grid networks in
graphical form for the oxidizers AN, AP, and HMX, The basic networks con-
tain no triacetin (TA). Peak impulse values are usually found at OMOX
(OMOX condition implies an oxidation ratio = 1,0) or slightly in the fuel
rich area, whereas peak T, values occur on the oxygen rich sid=s o KilX,
with very rapid decrease in T, occurring on the negative (fuel rich) side
of OMOX. The rate of climb of Isp s also very stecp for LMH-2 systems,
often rising 3 to 4 Isp units per l-percent hydride addition,

The magnitude of peak impulse has been found to generally follow
the oxygen level of the oxidizer. The order is AN, AP, HMX, TAGN, with
a fairly large gap between AP and HMX. AP/HMX mixtures fill this gap.
Temperatures do not follow the same ouder, however. From a temperature
rtandpoint, the AP system gives fairly constant T, values at all NG levels.
EMX exceeds 3600° K only at the higher NG levels. The TAGN system does
not appear promising in LMH-2 systems because of its very low T, values
(3400° K max). -

2. Double-Base Systems - Be

- All LMH-2 systems have been repeated with Be metal replacing the
hydride. The calculations are represented in Tables A-7 through A-11.
With Be systems, the maximum Isp values are 280 to 290, whereas T, values
are usually very high (3900° to 4200° K). 1In gencral, the effect of
oxidizers on Isp is reversed for Be systems as compared to LMH-2 systems.
For example, HMX and TAGN (the lower oxygen level ingredients) give higher
1sp values than AP and AN. Highest tewperatures, however, are shown by
the latter ingredients. TAGN gives the highest Isp values within the
range studied (~ 293 sec), but again TAGN does not produce the high tem-
perature values with Be as do the other oxidizers.

3. Effect of Additives on LMH-2/AP, Double-Base Systems

The effect of addition of up to 6 percent of certain additives
on impulse of the propellant system 1C NC, 50 NG, 1 NDPA, 1 RES, LMH-2/AP
is summarized in Table A-12. The additives considered are the metais Al,
Be, Li, Mg, Si, and Zr; the oxidizer lithium perchlorate (LIF); and the
fuel triaminoguanidine azide (TAZ). Selected data from this table is
plotted in Figure A-4 to show the comparison when IMH-2 is 16 percent.

In general,. only Be, Li, and TAZ show an Iap potential of greater than
308 sec, and Be is the only additive showing an iacreasing T, value with
increasing Isp. TAZ, being a nonmetal fuel, has the advantage of main-
teining low metal content.

4, Hydrocarbor and Fluorocarbon Binders

The basic ternary IMH-2, AP, binder gystems are presented in
Figurcs A-5 through A-7, The binders included a hydrocarbon binder (HC)
and two fluorocarbons. The fluorocarbon binders were FAAV (a mixture of
20-percent C7A, 60-percent C7M, and 20-percent Viton) and pure Teflon
(TFIN). The ingrédients in FAAV are fluorinated acrylates and methacrylates.
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In general, low fluorocarbon binder levels, viz, 10 to 15 percent, are

requirved for peak performance at any constant hydride level. Chamber tem-
peratures drop rapidly with increasing binder level. It should be noted
that a binder level of zero represents the basic IMH-2/AP binary system,
which would necessarily be a pressed charge propellant. This binary
system is basic to all three graphs. The performance of the hydrocarbon
binder HC (polybutadiene type) is shown to peak sharply at about 10 percent
binder level. Chamber temperature and Isp drop very rapidly within this
system from peak levels. This system is also representative of the type
whose pesk performance is not at, or near, OMOX.

5. Thermochemical Ingredient Date

The thermochemical ingredient data used in the theoretical
impulse calculations are presented in Table A-13.

A=)
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TABLE A-13
THERMOCHEMICAL INGREDIENT DATA
Ingred Chemical Chemical Atgy08 Density
Symbol Neme Formula (kcal/mole) (g/cc)
Al Aluminus Al
AN Amsonium Nitrate uu,.m3 -87.27 1.725
AP Ammonium Perchlorate uu,.cm,. -69.42 1,950
BE Beryllium Be 0 1.816
IMA-2 Beryllium Hydride M8.86n17.386.2930.002 =5.5 0.650
CSA Pentyl Fluoroalkyl Acrylate 081'811602 -492,0 1,481
C7a Fluorinated Acrylate Adhesive 02' 59’3.108“1.550. 518 -177.6 1.5
Cc™ Fluorinated Acrylate Adhesive 02.751'31120. 5 -179.4 1.5
cM Nonylfluoroalkyl Methacrylate 0131'1611802 =911.1 1.606
BAAV | 20 C7A/60CTH/20 Viton €,.6981,70F3.17%.403 ‘131 1.364
FAV 23 C5A/67CR/10 Viton ¢,y 6281, 6s¥3.169.429 -161.6 1.487
HC Polybutadiene Type Rubber (Thiokol) °7.19“10.982“.oaz°.12a -2.1 0.908
HDP Hydrazine Diperchlorate N2B4.2m104 -92,554 1.86
X Cyclotetramethylenetetranitramine 4.':l‘llsll808 +25.03 1.903
L1 Lithium Li 0 0.53
LIP Lithium Perchlorate mcm‘ -92.00 2,492
MG Magnesium Mg 0 1.74
NC Nitrocellulose C6ll., . 55“2 . 4509. 9 -159.8 1,660
NDPA 2-Nitrodiphenylanine c12“10“2°z +30.0 1,200
NFPA 1,2-bis (Difivoramino) Propyl Acetate CSFABGNZ -124.0 1.57
NG Nitroglycerine c3n511309 -88,40 1.600
NP Nitronium Perchlorate NZCIOA +8.0 2,25
RES Resorcinol c6n602 -85.26 1.272
S1 Silicon st 0 2.4
TA Triacetin 09u1606 -291.0 1.150
TAZ Trisminoguanidine Azide CB9I9 +105.63 1.44
TAGN Trisminoguaniding Nitrate (!llgl.,()3 -11.8 1,574
N | Teflon LR -19.0 2.2
TVOPA Hexakis (Difluorsmino) Vinoxy Propaue c,rnn“nsos =202,0 1.5
vITod Viton Rubber cs!‘.llz 0 1.0
A ] Zirconium b1} 0 6.4
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APPENDIX B

THEORETTICAL PERFORMANCE CALCULATIONS AND
BALLISTIC DATA SUMMARY

Theoretical performance calculations on Be analog formulations and
IMH-2 candidate propellants are summarized in Tables B-1 and B-2, Also
included are ballistic summary tables (Tables B-3 through B-12) of indivi-
dual Be and IMH-2 firings made under the Task II effort,
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TABLE B-1

THEORETICAL PERFORMANCE CALCULATIONS FOR
CANDIDATE IMH-2 PROPELLANTS

L2t S U i v

Propellant Type
Equilibrium Flow VIX VIY Viz VIA vJ1 VIL
Chamber .
P_ (psia) 1000 | 1000 | 1000 | 1000 {1000 | 1000
T, °r) 3678 | 3679 | 3672 | 3620 | 3623 3614
Y (Heat capacity
ratio) 1,075 | 1.075 | 1.07& | 1.088 | 1,083 | 1.083
Molecular wt gas 16.35 | 14.82 | 13.83 | 15.40 | 13.87 | 14.01
Total moles* 5.469 | 5.778 | 6.085 | 5.729 | 5.953 | 6.112
- Composition¥¥
. BeO 22.5 | 24.4 | 24,8 | 21.7 |23.8 23.8
" HC1 3.0 2.5 2.0 -- -- 2.5
N, 8.7 8.1 7.6 12.2 | 11.2 10.2
co 17.9 | 17.4 | 16.8 | 22,1 |21.0 20.6
co, 1.0 0.6 0.3 0.5 0.2 0.2
| H, 27.0 | 31.3 | 35.3 | 31.8 | 35.4 35.1
i H,0 12.0 | 8.1 4.7 5.5 2.6 3.4
i H 4.8 5.1 5.3 4.6 4.9 4.7
Other 3.1 2.5 3.2 1.4 0.9 1.5
Throat i
c* (ft/sec) 5896 | 5994 | 6078 | 6000 | 6063 6063
¢y (sec”'x 10%) 5.46 | 5.37 | 5.30 |5.37 |s5.31 | 5.3
Exit
_ P, (psia) 4.7 | 4.7 | 14,7 | 1.7 | 14.7 14.7
Teq (°K) 2570 | 2596 | 2619 | 2421 | 2472 2474
I (1000/14.7) 303.7 | 308.9 | 313.8 | 309.3 ! 314.0 | 312.7
y (Heat capacity
ratio) 1.104 | 1.100 | 1.096 | 1.135 | 1.126 | 1.124
* *kRefer to end of table for footnotes
B-2
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TABLE B-1 (Cont)

THEORETICAL PERFORMANCE CALCUIATIONS FOR
CANDIDATE LMH-2 PROPELIANTS

3
4
4
A
%
g

Equilibrium Flow VIX VIY Viz VJA vJ1 VJL

Molecular wt gas 16,47 | 14,91 | 13,43 | 15.39 | 14,04 14.14

Total moles* 5.392 | 5.704 | 6.019 | 5.677 | 5.950 | 5.927

Compositionk*

BeO 24,2 | 26,0 | 27.6 | 23.1 | 25.0 25.1

HC1 3.5 3.0 2.5 -- -- 0.7 f
: N, 8.9 |82 |77 |12.4 |14 | 10.4 5
i co 17,9 | 17.5 | 17.1 | 22,3 | 21.3 20.9
s co, 1.3 0.7 0.3 0.7 0.2 0.3 3
b H, 28,9 | 33.5 | 37.7 | 34.5 | 38.2 37.8 ?
b H,0 13.3 |8.8 |47 |60 | 2.6 3.4 f
¥ H _ 1.6 1.9 2,2 0.9 1.2 1.2 :

3: Other 0.4 0.4 0.2 0.1 0.1 0.2
Wt % condensibles %
Frozen Flow f

: I, (1000/14.7) 299.4 | 305.1 | 310.3 | 305.1 | 310.1 | 308.8 :
¥ T, °x) 2257 | 2302 | 2336 | 2157 | 2207 2710 §
g Y (Heat capacity i
£ ratio) 1.176 | 1,173 | 1.170 | 1.187 | 1.183 | 1.182 ;

ni e

*Total moles (gas plus solids) per 100 gm propellant

**HMole percent of combustion products

O R AR

¥
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TABLE B-2

THEORETICAL PERFORMANCE CALCiVLATIONS FOR BERYLLIUM PROPELLANTS

Propellant Type

Equilibrium Flow ver vIG VIH Vi1 Vi VIK vIL VIN VIO

Chamber -
Pc (puta) 1000 1000 1000 1000 1000 1000 1000 1000 1000
T (% 3835 3833 4173 3971 4145 41v9 4008 I764 3758

Y{(Heat capacity ratio) 1.072 1.082 1.083 1.054 1,043 1.044 1.055 1.06% 1.073
Motecular wt gas 20.78 t7.10 19.86 18.60 19.82 20,78 20.74 17.94 22.10
Total molest 4.602 5.238 4.613 4.8% 4.639 4.524 4.569 4.986 4.418

Compositionit
ReO 22.7 25.1 33.6 3z2.2 33.5 3.4 26.9 | 29.9 18.7
HCL 1.2 0.8 3.4 3.2 4.0 4.0 2.2 - 1.6
N2 15.4 18.8 9.3 8.1 9.0 9.6 13.4 14.6 17.1
co 27.9 21.2 18.4 22.5 17.6 18.3 23.4 17.8 26.8
Co, 1.7 0.1 11.0 0.5 1.0 1.6 1.7 1.2 3.2
H2 4.8 6.8 12.7 18.¢ 13.3 11.3 12.7 19.1 12.¢
HZO 1.7 1.3 5.9 3.3 6.2 8.3 7.7 10.4 12,0
H 4.8 4.3 7.4 6.5 7.3 6.4 6.0 4.4 3.8
Other 3.8 1.6 8.3 49 8.1 9.1 6.0 2.8 «.8

Throat
C* (fe/nec) 5512 5680 3391 Iy 5374 5358 $479 5426 5464
Cd (uc“’ x 103) 5.8 5.67 5.97 5.95 5.99 6.00 3.88 5.93 5.89

Extt
P! (paia) 16.7 14.7 14.7 14.7 14.7 16.7 14.7 6.7 16.7
Teq (OK) 2690 2531 jots 2820 2992 2939 2820 2780 2569
l‘p (10v0/164.7) 283.0 290.7 278.0 2157 277.4 276.5 281.1 280.1 2al.1
Y (Heat capacity ratio) 1.046 1.115 1.046 1.045 1.067 1.049 1.072 1.074 1.11%
Molecular wt gas 21,20 17.21 20.18 20.28 20.12 21.41 23.86 18.07 22.87

Total moles* 4.520 5.185 4.55% 4.587 4.58% 4.413 4,143 4.946 4.31%
Compositionid
Bel 2.3 26.7 36.8 2.3 36.7 3.4 %.0 311 20.3
HCl 1. 1.2 4.6 4.9 5.4 5.1 1.2 - 1.9
L 1s.8 19.0 9.7 L) 9.3 10.1 15.0 16.8 17.7

2
co 1.9 21.5 18.4 23.8 17.6 18.1 25.0 17.4 26.2

|
co, 2.4 1.0 1.3 0.5 1.3 2.3 2.8 } 1.5 13.1
", 16.3 29.3 13.9 22.3 16.5 1.8 15.0 19.9 4
HY 9.1 0.8 7.3 2.9 7.5 10.8 10.3 1.7 4.4
H 1.9 1.3 “y 3.4 .7 | 3.9 3.0 ; 2.8 1.1
Other n.s G.t 3 1.4 3.0 1.5 1.7 i 0.8 0.7
Wt % Condensibles
Frozen Tlow

1,, (1000714.7) 2.0 287.3 27138 2761 213.0 2. e | e 5.4
1, 0 247 2261 820 2791 2820 2820 P ‘ 2507 YN
y(Haat capacity ra.io) - L BELE i) i 1.202 4[ 1.238 I 1158 ' 1143 t.i8s

® Total moles {383 piud solids) per 100 gn propeiiant

e Myle percent of (ambustion pr ducte

W R " T T —————
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TABLE B-5

AP PARTICLE SIZE STUDY

Propellant type

Motor Design

Grain No.

Firing No.

Propellant wt (1b)

Powder wt (1b)

K (S/At)

ta (sec)

EP (sec)

za (psia)

Pb (psia)

Pmax (psia)

Pamb (psia)

T (in,/sec)

m (1b/sec)

Cd (sec '1)

« (A /A)

F, (lbf)

Isp del (ib;f;s:i)
1bm

Theoretical Isp
at firing conditions

Efficiency
15

18P 1000

Isp del (c)*

Efficiency (c)*

15
Isp 1000 (©)*

v1J-5021 | vig-5021 | vis-5021 | vis-s061 | viI-5061
15eC-1 | 15pC-1 | 15PC-1 | 15BC 15EC
s1238  |s1248 |si12s8 | si2es | s1288
M2-32 | w2-33 | 1M2-34 | mM2-35 | 1M2-59
15.10 |15.07 |15.16 |1%.36 | 14.27
0.05 0.05 0.05 0.04 0.05
167.2  |179.7 |[181.5 | 97.3 109. 4
2.3%3  [2.053 [2.305 |1.717 | 1.427
2,224 |1.902 |2.305 |1.649 | 1.314
736 896 785 756 968
757 932 811 774 1014
846 1065 911 838 1117
12,22 |12.27 |12.27 [12.16 | 12.32
C.450 |0.531 |0.465 | 0.800 | 0.997
6.45 7.% 6.58 8.95 10.0
0.00602 |0.00607 | 0.00620 | 0.00609 | 0.00605
9,573  |9.527 |9.555 |9.243 |9.520
1637 1892 1659 2279 2637
254,2  |257.9 |252.1 |255.0 | 264.0
273.2  |278.3 |275.0 |274.2 | 281.0
92.98 92,67 91,67 93,00 93.95
257.9  |257.1 |254.3 | 258,0 | 260.6
253.5 |257.2 | 2514 |2s54.4 | 263.3
92,72 |92.42 |91.42 [92.78 |93.70
2572  [256.4 |253.6 [257.4 | 259.9

conditions,

Notes: VIJ-5021 contains 180u AP, VIJ-5061 contains 45u AP
All efficiency values wcre calculated at the actual firing

15 ‘15
Isp1000 and Isp 1000 (c) values were calcuiated by multiplying

efficiency times the theoretical Isp at standard conditions.
*alues corrected for powder embedment
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" TABLE B-6
HIGH L* BERYLLIUM FIRINGS
Propellant Type VCP vCp Vil Vi1
Motor Design 15PC 15PC 15PC-1 15PC-1
Grain No. S118B S113B $160B $161B
Firiog No. 1M2-57 1M2-66 1M2-67 iM2-68
Propellan: wt (1b) 15.17 15.38 14,63 14.62
Powder wt (1t) 0.04 0.%4 0.03 0.03
o K (S/A) 142.2 143.9 203,2 206.5
Lx (Vp/A) 440 450 390 - 390
§; ta (sec) 1.885 1.955 2,190 2,173
t, (sec) 1,787 1.834 2,071 1.970
E_ (psia) 1063 1013 895 945
3 Fb (psia) 1094 1049 922 992
§ Pmax (psia) 1165 1754 1043 1142
4 Pamb (psia) 12,29 12.24 12,04 12,23
: r (in./sec) 0.738 0.714 0.488 0.513
§ m (1b/sec) 8.05 7.87 6.68 6.73
o ¢, (sec™h) 0.5057 | 0.00585 | 0.006z4 | 0.00605
f: € (Ae/At’\ 9,631 9,586 9,274 9,386
. ,F; (lbf) 2136 2065 1719 1733
i
4 Isp del (1b -sec ) 265.6 262.8 258.0 257.8
1bm
- Theoretical Isp at 287.7 286.8 280.0 280.9
firing conditions :
4 Efficiency, Eff 92,32 91.63 92.14 91.78
; 15
§ IBPIOOO . 261.3 259.3 256.8 255.8
Isp del (¢)* 265.1 262.3 257.6 257.4
] Bfficiency (c)* 92,14 91.46 92,00 91.63
Ispioge ()% 260,8 | 258.8 256.4 255.4
*Values corrected for powder embedment
Notes: All efficiency values werc calculated at the actual firing
conditions. ‘
Isp15 and Isp 15 (¢) values were calculated b ltiplyi
1000 © 777 1000 y multiplying
efficiency times the theoretical Isp at firing conditions,
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TABLE B-7

U————" v O 4§4

VCP FINAL CHARACTERIZATION FIRINGS

B
Propellant Type ‘ vcp VCP VCP VCP
Motor Desizn 15PC-1 15PC-1 15PC 152C
Grain No. $83B $145B $1388 S77B
Firing No. IM2-90 IM2-91 IM2-88 IM2-89
Propellant wt (ib) 14.79 14,99 15.27 | 15.09
Powder wt (1b) 0.04 0.04 0.04 0.05
K (S/At) 103.6 103.8 141.6 141.7
t, (sec) 1.886 2.172 1.972 1.794
t, (sec) 1.793 2.076 1.878 1.709
Fa (psia) 571 509 989 1064
Fb (psia) 583.5 515 1013 1090
Pmax (psia) 650 570 1090 1165
Pamb (psia) 12,51 12.10 12,19 12.25
r (in./sec) 0.558 0.486 0.697 0.767
m (Lb/sec) 7.84 6.90 7.74 8.41
Cy (sec'l) 0.00582 0.00576 0.00584 0.00586
€ (Ae/At) 5.658 5.694 9.521 9.520
1?a (1b,) 1961 16986 2041 2220
Isp del /lbf-sec) 250.2 246.1 263.7 264.2
\ " b
Theoretical Isp
at firing conditions 268.3 266.4 286.2 287.6
Efficlency, Eff 93.25 92,38 92.17 91.86
15
I8Py 000 263.9 261.4 260.8 260.0
Isp del (c)* 249.6 245,6 263.3 263.5
Efficiency (c)* 93.03 92.19 92.00 91.62
15
IsP 000 (c)* 263.3 260.9 260.4 259.3
*Walues corrected for powder embedment
Notes; All efficiency values are calculated at the actual firing
conditions.
I 15 15
5P1000 and Isplo00 (c) values were calculated by multiplying
efficiency times the theoretical Isp at firing conditions,
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TABLE B-8
L* STUDY FOR LMH-2 PROPELLANTS
Propellant Type VIY* VIY* VIY* VIY* VIY#* VIYH* VIY#** VIYk* VIY#*
Motor 15pC 15PC 15PC 15PC 15PC 15PC 15pC 15PC 15PC
Crain No. S152BH | S156BH | S151BH | S157BH | S150BH | S154BH | S153BH | S155BH | S156BH
Firing No. IM2-61 | LM2-84 | LM2-63 | LM2-70 | LM2-50 | LM2-65 | LM2-62 | LM2-69 | LM2-78
Propellent Wt (1b) { 11,79 11,44 11,48 11,39 11.34 11.32 11,56 11,40 11,45
Powder Wt (1b) €.05 0.05 0.04 0.05 C.05 0,05 0.04 0.05 0,04
K (S/At) 127.3 116,8 112.4 110,6 100.2 122,1 122,1 121.9 116.9
L (VF/Ar.) 133 158 330 294 112 178 325 328 315
t, (sec) 1,199 1,163 1,052 1.229 1.690 285 1.561 1.567 1.521
ty (sec) 1.106 1.044 0.943 1,090 1.592 1.399 1.437 1,436 1,370
f’la (psia) 1192 1042 1294 1033 671 835 873 381 897
Fb {psia) 1245 1100 1376 1100 695 884 920 924 946
Pmax (psia) 1355 1246 1571 1241 749 953 1054 995 1024
Pamb (psia) 12,29 12,08 12.24 12.25 12,27 12,07 12.01 12,25 12,22
T (in./sec) 1.166 1.254 1.389 1.183 0,823 0.936 0.912 0,905 0.949
m (1b/sec) 9.83 9.84 10.91 9.27 6,71 8.09 7.41 7.28 7.53
Cd (scc'l) 0.00556] 0.00553] 0,00546| 0.00525| 0.00530{ 0,00552 | 0,00542 | 0,00533| 0.00519
.(Ae/At‘) 9,663 9.462 9,644 9,466 7.446 9,626 9.629 9.595 9.189
Ea (lbf) 2778 2778 3149 2647 1822 1993 2097 2039 2128
Isp del lbf-sec 283.2 282.8 289.4 286.2 271.5 279.7 283,7 280.5 283.4
1bm

Theoretical Isp at | 316.6 313.7 317.8 313.1 300.0 308.5 309.6 309,5 309.7

firing conditions
eEfficiency, Eff 89.45 90,15 91.06 91.41 90,50 90,67 91.63 90.63 91,51
Iapigoo 276.3 278.5 281.3 282.4 279.6 280.1 283,0 » 280.0 282.7
Isp del (c)¥ik 282,3 281.9 288.7 285.3 270,F 278.8 283.0 279.6 282./
Efficiency (c)*i* 89,16 89.86 90.84 91,12 90,20 90,3° 91.41 90.34 91,28
Ispogq (€)FH* 275.4 | 277.6 | 280.6 | 281.5 | 278.6 | 279.2 |2682.4 |279.1 | 202.0

kContains AP-treated IMH-2

** ontains Waxe-treated IMH-2
*#*kValues corrected for powder embedment
Notes: A.l efficiency values were calculated at the actual firing conditions.

Ispigoo and Ilpigoo (c) values were calculated by multiplying efficiency times the
theoretical Isp at firing conditions




elk TABLE B-9

Propellant Type VIX VIX VIX viz Viz VizZ

Motor Design 15PC 15PC 15PC 15PC 15PC 15BC

Grain No. S162BH | S163BH | S164BH | S171BH | S172BH | S173BH

Firing No. IM2-71 | 2-72 2-75 1M2-79 | LM2-80 | LM2-81

Propellant Wt (1b) | 11.55 | 11,74 | 11,69 | 10.97 |11.08 |11.29

Powder Wt (1b) 0.05 0.05 0.05 0.05 0.05 0.05

K (S/A) 117.8 | 120.1 | 121.7 | 144.6 |140.0 | 135.7

t, (sec) 1.309 | 1.404 | 1.401 | 1.480 |1.430 |1.384 ;

t, (sec) 1.160 | 1.307 |1.286 | 1.381 |1.332 |1.283 \

F; (psia) 1055 1006 1007 1016 | 1076 1110

?5 (psia) 1121 1046 1052 1060 1124 1156

Pmax (psia) 1268 1141 1138 1188 1215 1250

Pamb (psia) 12.23 | 12.29 |12.16 | 12.22 |[12.26 |12.22

T (in./sec) 1.112 | 0,995 | 1.011 | 0.941 |0.976 |1.021

@ (1b/sec) 8.82 8.36 8.34 7.41 7.75 8.16

¢, (sec™ D) 0.00524 | 0.00529 | 0,00531 | 0.00558 | 0.00533 | 0.00528 '
£ . k
& _ (A /1) 9.426 | 9.486 | 9.553 | 9.740 |9.473 |9.199 . 4

E; (1b) 2509 2370 2379 2122 2220 2345

Isp del 1lb.-sec |[284.9 |283.9 |285.7 |286.6 |287.1 |288.2

1bm
Theoretical Isp at | 308.5 | 307.4 |307.,7 | 318.2 |319.1 |319.4
firing conditions

Efficiency, Eff 92,35 | 92,3t |92.85 | 90.07 |89.97 |90.23

Isp}ioo 280.5 | 280.5 | 282.0 | 282.6 [282.3 |283.1

Isp del (e)* 284,0 | 283.0 |284.9 | 285.7 |286.2 |287.3

Efficiercy. (c)* 92,06 92,06 92,59 83.79 89.69 89.95

'Ispigaq ()* 279.6 | 279.6 |281.2 |281.8 [281.5 |282.3

BN INALt rcm r

CONFIDENTIAL

LMH-2 /AP FIRINGS

*Values corrected for powdsr embedment

Notes: All efficiency values were calculated at the actual firing

conditions,
tapl5 and Is 15 values were calculated by multiplying effici-
*8P1000 P1000 plying

ency times the theoretical Isp at firing conditions.
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g ‘ TABLE 3-11
VIY FINAL CHARACTERIZATION FIRINGS
Propellant Type VIY vVIY vIy ViY VIY ﬁ
Motor Design 15PC 15PC 15PC 15pC 15PC
Guain No. S183BH | S185BH | S184BH | S186BH | SI87BH
Firing No. IM2-92 | IM2-9% | 1M2-93 | IM2-95 | IM2-9%
Propellant wt (1b) | 11.76 11.68 11.65 11.62 11.65
Powder wt (1b) 0,04 0,03 0.04 0.03 * | 0.03
K (S/A) 91,0 93,6 145.7 144.,6 143,5
t, (sec) 1.619 1.676 1.305 1.319 1.303 1
t, (sec) 1.495 1.593 | 1.208 | 1.230 | 1.212 !
P, (psia) 655 627 1305 1285 1280 !
Fb (psia) ‘681 645 1356 1333 1328 ‘
Pmax (psia) 743 704 1474 1440 1430
Pamb (psia) 12.26 12.19 12.27 12.17 12.09
r (in./sec) 0.883 0.822 1.093 1.065 1.089
& (1b/sec) 7.208 6.968 8.927 8.809 8.979
Cy (sec~1) 0.00528 | 0,00533 | 0.00527 | 0.00524 | 0.00530
<A /A) 5.622 5.622 9,507 9,52 9,422
£ F (b)) 1929 | 1847 | 2589 | 2555 | 2584
Isp del lbf-sec 267.9 265.3 290.7 290.3 289.4
‘
“1bm
Theoretical Isp at
firing conditions | 296.0 295.2 317.9 317.8 317.6
Efficiency, Eff 90.51 89,87 91.44 91.35 91.12
Ispi'soo 279.6 | 277.6 | 282.5 | 282.2 | 282.3
Isp del (c)* 267.2 264.8 290.0 289.8 289.0
Efficiency (c)* 90,27 89.70 91,22 91.19 90.99
Iupigoo (c)* 278.8 | 277.1 | 281.8 | 281.7 | 281.1 :
L* [ 3% 3 318 [ 315 313
. .

*Values corrected for powde- emb .ent,

Notes: All efficiency values were celculated at the actual firing

conditions,
Is L and Is 15 {¢) values were calculated by multiplyin
P1000 P1000 sec plying

efficiency times the theoretical Isp at firing conditions.
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. TABLE B-12

i | VJA FINAL CHARACTERIZATION FIRINGS

Propellant Type VJA VJA ' VIA VJA VJA VJA
Motor Design 15PC-1 | 15PC-1 | 1SPC-1 | 15PC 15PC 15PC
: Grain No. S188BH | S189BH | S190BK | S191BH | S192BH | S1938H
o %iring No. IM2-97 | 042-98 | 1IM2-99 | IM2-100| IM2-101 | IM2-102
i Propellant wt (1b) | 11.87 | 11.85 11.86 |12.07 | 12.07 ! 12.05
j Powder wt (1b) 0.04 0.04 0.03 0.04 0.04 0.03
3 K (S/A) 117.3 | 116.9 116.4 |156.5 | 154.2 | 155.2
t, (sec) 1.641 | 1,652 1.645 [1.700 | 1.714 | 1.667
t, (sec) 1.523 | 1.540 1.577 1.587 | 1.643 1.572
3 F, (psia) 658 655 658 1137 1127 1156
Fb (psia) 682 678 672 1176 1154 1191
Pmax (psia) 7% 763 743 1285 | 1270 | 1304
} Pamb (psia) 12.15 | 11.85 12,32 12,28 | 12.22 | 12.22
3 4 T (in./sec) 0.656 | 0.656 | 0.636 |0.832 | 0.803 | o0.883
@ (1b/sec) 7.233 | 7.172 7.209 |7.09 7.062 | 7.228
& ¢, (sec”h 0,00530| 0.00527| 0.00525 | 0.00517 | 0.00509 | 0.00513
e@ /) 5.72 . | 5.664 5.637 |9.520 | 9.364 | 9.588
F_ (b)) 1947 1922 1933 2010 1997 2055
4 Isp del {1b -sec 269.5 | 268.2 268.3 {283.6 | 284.1 | 285.0
k 1bm -
i Theoretical Isp at
firing conditions | 297.9 | 297.0 297.4 [315.9 | 315.7 | 316.4
Efficiency, Eff 90.47 | 90.30 90.z22 |[89.78 | 89.99 | 90.08
. S Isp1o0o 279.8 | 279.3 | 279.0 |277.6 |278.3 |278.4
& Isp del (c)* 268.9 | 267.5 267.8 |282.5 | 283.4 | 284.5
K Efficiency (c)* 90.27 90.07 90.05 86.55 89.77 89.92
Isp1ogg ()* 279.2 | 278.6 | 218.5 |277.0 |277.7 | 278.1

TX 337 336 334 347 342 344

*Values corrected for powder embedment

Notes: All efficiency values were calculated at the actual firing

conditions,
Iap]'5 snd Ispls (c) values were calculated by multiplyin
0 1000 1000 y plying
' efficleucy tiues the theoretical Isp at firing conditions.

CONFIDENTIAL

B-17




